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GENERAL PREFACE 


The progress of atomic and molecular theory in recent times 
has proved remarkably rapid and extensive. The subject has 
advanced along many different lines more or less independently 
and the research worker in a specialized branch often encounters 
no little difficulty in keeping in touch with developments not 
in his immediate sphere of thought. It has become increas- 
ingly difficult, though surely not less important, to correlate 
work carried out in different branches. It is in the hope that 
these diverse researches may be enabled to be considered more 
readily in inter-relation with each other and in respect of the 
effect of each contribution to the whole that the author has 
essayed the present task. A work which attempts to view the 
situation along various avenues of approach may perhaps also 
prove of value in enabling a given fact or principle to be found 
conveniently in the original literature. 

The introduction of electron spin into physical theory by 
Uhlenbeck and Goudsmit in 1925 has greatly clarified the 
general theoretical situation, so that the present time seems 
appropriate for a review of the present summarizing kind. 
Moreover, it would appear that sufficient timq has elapsed 
since this important contribution was made for its true signi- 
ficance to be appreciated. 

The general plan of the work is that of separate volumes 
bdiring individual titles, each volume being as far as possible 
complete in itself as an expression of some leading thought. 
The first three volumes at present projected are intended to 
deal with different aspects of more purely physical questions. 
Further volumes are in contemplation which shall be descrip- 
tive of matters of special chemical imn^nance. 

The treatment is non-mathematical, a few mathematical 
proofs being collected in appendices to certain chapters. The 
conclusions reached in The Basis of Modern Atomic Theory 
6* xix 
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(Methuen, 1926), designed to give the experimental background 
of the fundamental principles, are here assumed, thus saving 
a considerable amount of space. Methods of reasoning from 
the results obtained, rather than details of experimental pro- 
cedure and technique, form the main concern of the present 
work. 

References to the original literature necessarily occupy a 
considerable amount of space. Titles of papers are given in 
full ; it is hoped that this procedure will facilitate ease of 
reference. Every attempt has been made to ensure that the 
references shall be not only as complete as possible, but also 
accurately quoted. To save space, references to summarizing 
papers are frequently given, so that in these cases many of 
the papers quoted in them need not be repeated in the lists. 

The thanks of the author are warmly accorded to numerous 
colleagues who have helped him with advice and co-operation. 
It is with a deep sense of gratitude that he extends his cordial 
appreciation of this assistance, which has proved of the greatest 
value. On the other hand, the author accepts sole responsi- 
bility for design and execution, individual expression of opinion 
and any slips or defects overlooked during revision. 

Each volume is brought up to date to the time of publication 
as far as possible. The author would be pleased to be informed 
of anything of significance which he may have inadvertently 
overlooked. 

If the work is found to encourage in any measure the wider 
study and investigation of problems arising in a fascinating 
field of modern thought, or to assist and direct the energies of 
the army of workers, the author will be amply repaid for time 
and care entailed in its production. 

C.H.D.C. 

Department of Inorganic Chemistry, 

The University of Leeds. 

April, 1934. 
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PREFACE TO VOLUME II 


Modern physics has trained her most powerful weapons 
on the closely guarded strongholds of Nature. This is particu- 
larly true in the field of the fine structure of matter, where the 
scientific combatant, safely entrenched on high ground already 
won, glimpses with justifiable satisfaction the fertile lowlands 
where he may hope to reap the fruits of his campaign. Prom- 
inent amongst experimental means which have proved them- 
selves especially efficient are the X-ray, the dielectric cell, and 
the spectroscope. La Mer,* in the introduction to a symposium 
on molecular constitution held under the auspices of the 
American Chemical Society in 1929, recognized these three 
instruments as assuming special significance at that time. 
Progress in the intervening period has done much to establish 
their importance. This matter forms the theme of the present 
volume, the three named experimental methods being treated 
in Parts I, II and III respectively (issued for convenience in 
three separate bindings). 

Part I is devoted to discussion of crystal and related struc- 
tures as determined by X-rays. Space is economized by refer- 
ence to the valuable Strukturbericht (1931) prepared by Ewald 
and Hermann in connection with the Zeitschrift fur Kristallo- 
graphic. The second volume of this work, covering the period 
1928 to 1932, has appeared this year (1936), and was therefore 
not available to the author during the preparation of his 
manuscript. The method of classification of crystal structures 
suggested in the 1931 volume has been followed as closely as 
possible, apart from certain amendments, especially in dealing 
with organic and intermetallic compounds (Tables XXIII, 
XXIV, XXV and XXVII). Complex inorganic compounds 
are classified according to number of atoms per molecule for 

♦V. K. La Mer : Chemical Reviews, 1929, 6, 445-450. 
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ease in reference. It is hoped that no outstanding results in the 
period under review have been overlooked. Space is saved in 
references by not repeating papers cited by Ewald and Her- 
mann : the present lists are intended to be used in conjunction 
with their work, so that it is hoped that the experimental data 
on any given substance may be found quickly and conveniently 
in the original literature. In the final chapter on the relation 
between crystal structure and chemical constitution, the author 
gratefully acknowledges the assistance he received from the 
fruitful discussion held under the auspices of the Faraday 
Society in 1929. 

The Debye theory of polarization, Fajans' theory of deforma- 
tion and the derivation and meaning of dipole moments form 
the leading themes of Part II. The more refined measurements 
of dielectric constants and refractive indices have played an 
important part. The comprehensive Table of Dipole Moments 
(1934) of Hampson and Marsden published in the Transactions 
of the Faraday Society, has proved itself remarkably useful 
in again saving reference space and increasing the availability 
of experimental data. A detailed account of work on the Kerr 
Effect closes the Part. Polarization phenomena are found to 
take their place alongside the other main avenues of approach 
in providing valuable information about the structure and 
stereochemistry of organic and inorganic compounds. 

Discussion of the results of spectroscopy is commenced in 
Part III, witli special reference to newer adaptations of the 
quantum theory in relation to line spectra. The treatment is 
continued in Vol. 3 dealing with band spectra, but the part 
given separately here seems well able to stand alone, as an 
introduction to the study of spectra. The derivation of the 
quantum numbers, omitted from Vol. i : 5, is given as care- 
fully as possible. In this connection, acknowledgment is due 
to the monograph and list of references due to Gibbs in his 
Line Spectra of the Elements, I. Early observations and Systems 
of Classification (1931), published in the Review of Modern 
Physics, The present author is satisfied if he has met with any 
success in his attempt to impart to those unfamiliar with recent 
developments the fascination that he feels in that romantic 
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department of atomic science, the interpretation of spectra and 
the inward nature of the periodicity of the elements. More 
purely chemical considerations receive some attention in the 
closing chapter of the volume. An electronic periodic table has 
appeared in time to be included in the Appendix to Part III. 

Even with the saving of space effected by utilization of the 
summarizing works mentioned above and of others referred to 
in the text, it was soon realized that a very large number of 
references still remained. The question of the amount of space 
which should be devoted to their accommodation occupied the 
attention of the author for some time, as a consequence of 
which it was decided to depart from previous practice to a 
certain extent, by omitting the titles of papers in those chaptei's 
which dealt mainly with experimental data. It was found 
possible to retain the titles in other cases, where theoretical 
aspects seemed particularly important (chapters I, XI, XIV, 
XV, XVI and XVIII). It is hoped that the change of policy 
necessitated by exigencies of space will not diminish the use- 
fulness of the book. 

The preparation of a work of the present kind by one indivi- 
dual must necessarily be spread over a considerable period of 
time, and it was deemed preferable to bring the whole volume 
up to a certain date rather than to add to portions (written at 
later times) work done after the date. The book is designed to 
cover the period up to that surveyed by Science Abstracts 
{Physics) of January, 1935. From this definite date, more 
recent work may be found in later numbers of the above and 
other lists of abstracted papers. 

References in the text to The Basis of Modern Atomic 
Theory, mentioned in the General Preface, are given as 
Basis, with sectional reference number. 

The author desires to acknowledge with thanks the kind 
permission of the Editors of the Philosophical Magazine to 
reproduce Fig. CXIII, and to the Editor of the Proceedings of 
the Leeds Literary and Philosophical Society in respect of 
Figs, evil and CXXII. In all cases, the diagrams have 
been specially drawn for this work, and the author’s thanks are 
due to Mr. R. G. A. Dimmick, who prepared some of the original 
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drafts for this purpose. The kind permission of Professor 
Planck and Messrs. Methuen, Ltd., to reproduce the quotation 
facing page i is gratefully acknowledged. The author's thanks 
are also accorded to Miss L. Wilson, for assistance in indexiilg 
and proof-reading. 

C.H.D.C. 

Department of Inorganic Chemistry, 

The University of Leeds. 

November, 1936. 
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It is well known that no science develops systematically 
according to a definite preconceived plan, hut that its 
development depends upon practical considerations, and 
proceeds more or less simultaneously along different lines, 
corresponding to the many ways of looking at the problems, 
and to the time and views of the investigator, ,,, It 
frequently happens that theories are found to he interrelated 
which were started from essentially different view-points ; 
theories, when extended and completed, turn out to he similar 
and begin to influence one another, appearing helpful or 
inimical according to circumstances. 

Max Planck, in A Survey of Physics (Methuen, 1925). 
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PART III 

THE QUANTUM THEORY AND LINE SPECTRA 

CHAPTER XV 

THE QUANTUM THEORY 

48. Interaction between Matter and Energy 

Hypotheses introduced in special connections frequently find 
extended spheres of usefulness in relation to entirely different 
groups of phenomena ; indeed, it would appear to be one of the 
signs of a good theory that this should occur. Numerous 
examples of application of theories in domains other than those 
of their origin are found in the present work, and perhaps the 
most striking and outstanding of these is provided by the 
quantum theory. In 1900, Planck^ accounted for the 
^iistribution of energy amongst the wave-lengths emitted by an 
isothermal enclosure, which corresponds to an ideally '' black 
body, by introducing the fundamental consideration that 
matter cannot undergo energy interchanges perfectly con- 
tinuously, but receives (or emits) energy in quanta hv, 2hv, 

^hv . . . where h is a universal constant (known as Planck's 
constant, 6*55 x 10 27 C.G.S. units) and v is the frequency of 
the radiation. The unit quantum e is therefore given by the 
relation 

€ (i) 

The quantum theory has been applied with success to the 
photoelectric effect^ and the variation of the specific heats of 
solids® and gases* with temperature. The application which is 
specially important from the standpoint of the following 
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discussion is the bearing of the theory upon the interpretation 
of spectra. 

In the original theory, no assumption was made as to any 
special character of the radiation itself as consisting of, or 
containing discrete units of energy. Einstein* introduced the 
idea of a corpuscular unit of radiant energy, the quant " or 
photon,'* in the course of his study of the photoelectric effect. 
Reference may be made in this connection to papers by de 
Broglie^ and Compton.® The latter author has shown that the 
laws of conservation of energy and of momentum hold for the 
impact between a photon and a free electron, the characteristic 
X-rays of molybdenum having their wave-length lowered by the 
predicted amount.*^ The experiments on " recoil electrons " 
are also in agreement.® The evidence thus points to the con- 
clusion that light has the characteristics of particles. According 
to de Broglie, the momentum of a photon of frequency v is 
given by hvjc, where c is the velocity of light. The hypothesis 
is in difficulties, however, with the interference properties of 
light, which require the existence of light waves. The experi- 
mental evidence shows that whenever radiation performs work, 
for example, in expelling an electron from an atom, it behaves 
as if corpuscular. Between such events, the particle cannot be 
located, therefore it is meaningless to attempt to assign its path. 
A definite path cannot be assigned to a ray of light ; the more 
sharply it is defined by narrow slits, the more widely is it spread 
by diffraction. Compton® sums up the position as follows : 
'' We liave long known that light has the characteristics of 
waves. For centuries, it has been supposed that the two 
conceptions " {i.e., waves and particles) '' are contradictory. 
Goaded on, however, by the obstinate experiments, we seem to 
have found a way out. We continue to think of light as 
propagated by electromagnetic waves ; yet the energy of the 
light is concentrated in particles associated with the wa^es, and 
whenever the light does something, it does it as particles.” It 
thus becomes possible, in practice, to retain the wave theory 
for light when passive,” that is, when acted upon by matter, 
as when it is reflected, refracted, polarized or diffracted, or by 
itself when undergoing the process of interference ; the theory 

460 



XV 48a] interaction between matter and energy 

of light-quanta may be applied in the production of radiant 
energy, and where, as Compton points out, light acts upon 
matter in such a way as to do work upon it. 

Cases of interaction of light-quanta on material particles may 
be classified into four groups, as follows : — * 

(A) The Photoelectric Effect. The incident quantum is 
totally absorbed ; part of it is used to tear an electron from the 
atom and tlie remainder to endow it with kinetic energy, so 
that 

Light-quantum = Work -f- Kinetic Energy 
or hv — W (2) 

where m, v are the mass and velocity of the expelled electron 
respectively. This is Einstein’s Law of the photoelectric effect, 
which has been described as one of the best attested laws of 
physical science.* 

(B) The Fluorescent Effect. The incident quantum is 
totally absorbed ; part increases the energy of the molecule, the 
remainder increasing the thermal energy of the medium, so that 

Light-quantum = Work + Heat, 
or hv = W + H (3) 

where W = hvi, so that the transition of the molecule to its 
final state is accompanied by emission of light of frequency v^, 
where vi< v. 

(C) The Compton Effect. Here the quantum is partly 
absorbed ; if it encounters a free electron at rest, part of the 
quantum is used to move the electron, and the remainder 
appears as a smaller quantum, corresponding to lower 
frequency : — 

Light-quantum = Work -j- New Light-quantum, 
or hv — W hvi (4) 

(D) The Raman Effect. Again the incident quantum is 
only partly absorbed : if it meets a complicated material 
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system (ions, atoms or molecules) it can raise the energy level of 
the system and appear as a new quantum of degraded frequency 
as follows : — 

Light-quantum = Work + New Light-quantum, 
or hv z.. W hv^ (5) 

The Raman Effect should be distinguished from resonance, 
wliere the frequency of light emitted is directly associated with 
tlie natural frequencies of the medium ; in the Raman case, the 
differences v ~ correspond to natural frequencies. The 
Raman spectrum is observed in absorption (Vol. 3 : Chapters 
X and XI). In the present discussion, it may be noted that 
the terms light-qnaniuniy quant and photon are used synony- 
mou.sly. 


49. Electron Waves 

It is observed in the preceding section that light behaves in 
many respects as if possessing discontinuous structure. Con- 
versely, de Broglie® asked the question : may it not be possible 
that electrons, long known as particles, have the properties of 
waves ? The author gave a mathematical proof that the 
dynamics of any particle may be expressed in terms of the 
propagation of a group of waves, that is, the particle may be 
replaced by a wave-group in such a way that the two, so far as 
motion is concerned, are mathematically equivalent. Davisson 
and Germer^® directed a narrow beam of electrons normally 
against a target cut from a single crystal of nickel, and measured 
the intensity of scattering (number of electrons per unit solid 
angle with speeds near those of the bombarding electrons) in 
various directions in front of the target, beams of scattered 
radiation being obtained nearly as well defined as the incident 
beam. The effect observed was similar to that which would 
be found if the incident electron beam were replaced by a 
beam of monochromatic X-rays. This work is highly suggestive 
of the ideas underlying the theory of the new wave-mechanics. 
Thomson^^ performed experiments analogous to those of Debye 
and Scherrer, and Hull, who passed X-rays through powdered 
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crystals placed in front of a photographic plate, with the 
production of diffraction rings. Thomson used a cathode ray 
stream, moving under a potential difference of 30,000 volts, and 
passed it through a sheet of gold leaf, receiving the diffracted 
beam on a plate and obtaining patterns of an exactly similar 
type. It was then found possible to calculate the '' wave- 
length ” of the cathode rays, the result agreeing with de 
Broglie's formula, according to which the momentum of a 
light-quantum is given by hvjc, or A/A, where A is the correspond- 
ing wave-length. Equating to the momentum of a moving 
electron mv (mass x velocity), it follows that 


Davisson^’ summarized the earlier work on electron waves as 
having (i) established the validity of equation (6), (2) proved 
that the interaction between electrons and a metal involves 
something akin to optical refraction, and (3) shown that electron 
waves are not polarized by reflection. 

Sevin^® suggested that if X-rays of known frequency act upon 
a beam of electrons, the latter, if consisting of waves, would 
acquire a discrete series of velocities given by a simple formula 
involving the frequency. This was proposed as an experimental 
test of the theory. 

Now if a stream of electrons may behave analogously to a 
wave-train, the effects of electrons upon atoms in dislodging 
electrons or photons may be regarded as comparable with the 
four effects noticed in the foregoing section, to which the 
following two may now be added : — 

(A) Electrons causing Ionization. Electrons moving with 
sufficiently high velocities may dislodge electrons from atoms 
by their impact, as in the effect of jS-rays upon gases. 

(B) Electrons giving rise to Radiation. When the kinetic 
energy of an electron exceeds a certain critical value, quanta of 
radiation may be emitted, as when cathode rays falling upon 
matter cause the production of X-rays. It therefore appears 
that an equilibrium between light-quanta and electronic energy 
must be taken into account. See further on the scattering of 
electrons (Vol. 3 : 38). 
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50. The Wave-Length Scale 

Electromagnetic radiations form a continuous series grading 
from those corresponding to the largest quanta and highest 
frequency (the '' cosmic " rays) to those at the other far end of 
the scale, the waves of greater length than those used in wire- 
less. It is outside the scope of this work to explain how the 
complete spectrum has been experimentally realized. It is 
sufficient for the present purpose to note that these waves 
are all of kindred nature, and move in vacus with the same 
velocity, c ^ ^ x 10^® cms. per sec. Figure XCV shows the 
scale, the unit distance being the octave, reaching from the 
arbitrarily chosen zero point at A ^ 0*005 to the longest 
waves used in wireless, where A == 3 x 10^^ A.U. Since passing 
through an octave doubles the wave-length, the number of 
octaves x in the scale is given by 0*005 x 2* = 3 X lo^^ 
whence a; — 56*1. Other positions in the scale may be found 
similarly. The logarithms of the frequencies to base 10 are also 
shown in Figure XCV, where logv = logt; -- logA 10*48 — 
logA, since c Av. Table L explains the scale, the selected 
wave-lengths defining the approximate limits of the various 
kinds of radiation being expressed in different units for con- 
venience of reference. It is of course to be understood that the 
limits of any one kind of radiation are not in any way sharp, 
each kind merging continuously into the next in the series. 

The quantum relation (i) enables frequencies and wave- 
lengths to be connected with energy values in different units. 
Further, masses may be introduced by means of the relativity 
expression E = Mc^. In fact, we may write 

£ = cW = = 107 = iVA = gG --- ^o^dgPL 

= 1 -H == hv - chw = lo^ch ? = aJ (7) 

10*^ kN A ''' 

where E = energy (ergs), M = mass (grs.), A — atomic weight 
(0 = 16), V— potential (electron volts), v = electron velocity 
(cms. per sec.), J — energy (joules), k = energy (ergs per gr.- 
mol.), G = energy (gr. cms. per gr.-mol.), L — energy (litre 
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atmospheres per gr.-mol.), H = heat (calories), U ^ lattice 
energy (kil. cals, per gr.-mol.), v = frequency (cycles per sec.), 
w = wave number (per cm.), A = wave-length (A.U.), and 
T = absolute temperature of radiation of maximum density. 
The constants in equation (7) are as follows : — 


Symbol 

Significance 

Value 

Units 

e 

Electronic charge ... 

4770 

X 10 

Electrostatic 

c 

Velocity of light vacuo,, ^ 

2-998 

X 10^® 

Cms. per second 

m ... 

Electronic re.st mass 

9-035 

X 10 

Gram 

k ... 

Heat equivalent of work ... 

2-390 

X lo"i^ 

Kil. -cals, per erg. 

N ... 

Avogadro Number 

6-064 

X Io 2 a 

Per gram-mol. 

// ... 

Planck’s Constant 

<'•547 

X 10 27 

Erg second 

a 

Energy-Temperature con- 





stant 

6*807 

X I o'*' 

Erg per degree 


Acceleration due to gravity 

9-807 

X 10* 

Cms. per sec.- 

P ... 

Normal atmospheric . 





pressure ... 

7*600 

;; 10 

Cms. Hg. 

d ... 

Density of Hg 

1*3565 

, J 0 

Grams per cm.® 


These relations enable interconversions between any two of 
the chosen magnitudes to be carried through. Suitable inter- 
conversion tables^® and scales^® have been prepared, and may 
be used with convenience (see also Appendix to Part III (5) and 
the scale in Figure CXIII). 


51. Temperature Radiation 

A body when sufficiently heated yields radiation. With 
increasing temperature, in the visible light region, the colour 
changes from red to orange to gold to white. This may be 
explained on the assumption that at lower temperatures, the 
available quanta are relatively small, so that red rays of lower 
frequency are emitted ; as the temperature is raised, larger 
quanta become available, and higher frequencies also make 
their appearance. Each predominating colour of light cor- 
responds to a definite temperature independent of the substance 
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emitting it ; as the substance gets hotter, it emits light of 
shorter and shorter wave-length and higher frequency. This is 
true outside the visible region, so that, in general, a definite 
temperature is associated with a given wave-length. 

In the theory of temperature radiation, if A is the wave-length 
(in A.U.) of radiant energy of maximum density in a closed 


space at 7 ° K., then (see Section 4 of : — 

XT = 2-884 X 10’ (8) 

Further, if E is the value of the maximum energy in ergs 
available at K., 

E ^.^RT = akT ^ aT (9) 


where a is the solution of the equation a = 5(1 — whereby 
a 4*9651. The constant a connecting E and T is given by 
a rr-:: ak = 4*965 X (i* 37 i X 10“"^®) = 6*8o7 X 10'^^® crg per 
degree per molecule, whilst XT is given by lo^c/a. 

When the relation between energy of maximum density and 
corresponding temperature is included in the other expressions 
for E, as in the equations (7), it becomes possible to construct 
a table connecting T with other energetic magnitudes.^® 

The hv^ here considered correspond to the largest energy 
quanta available at temperature K. Conversely, the tem- 
peratures are the lowest for which quanta of frequency v can be 
produced by heat effects alone. 

It is easily possible to verify, for instance, that : (i) very long 
waves correspond to temperatures very near the absolute zero ; 
(2) 300° K. comes in the infra-red region ; (3) visible light is 
emitted between about 4,000° and 8,000° ; (4) ultra-violet light. 
X-rays and y-rays, the last named involving nuclear disturbance 
— between 10^ and 10® degrees ; (5) cosmic rays, which can 
apparently explode nuclei, at about 10^® degrees ; and (6) the 
temperature necessary for the synthesis of a hydrogen atom 
from a proton and electron pair is about 2*2 X lo^® degrees. 

Temperatures corresponding to the emission of visible and 
ultra-violet light affect the outermost electrons of atomic 
systems, the so-called optical electrons. Very much higher 
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temperatures are believed to exist in the interiors of stars, 
sufficient to disturb the inner electrons of atoms and to cause 
the emission of X-rays. The temperature range corresponding 
has been estimated at from 115,000° to 29,000,000°. As the 
frequency of the emitted radiation increases, so does its 
penetrating power towards matter ; thus X-rays can penetrate 
metallic foils of a few millimetres’ thickness, and are harder ” 
the higher the temperature of their emission. In the central 
regions of very dense stars, much higher temperatures yet are 
believed to exist, from about 58,000,000° to 290,000,000°, at 
which all or nearly all the electrons would become '' stripped,” 
the region corresponding to soft y-rays of wave-lengths 5 X lo'" ® 
to I X 10*^® cm. A temperature of 720,000,000° would be 
sufficient to disturb the nuclear arrangement, and to emit the 
y-rays of radium-B of wave-length 4 x cm., capable of 

penetrating several inches of lead. The shortest y-rays of 
wave-length 0*005 A.U. correspond to a temperature of 
5,800,000,000°. The highly-penetrating radiation of wave- 
length 1*3 X 10 cm. found in cosmic rays, would correspond, 
according to calculation, to the temperature 2,200,000,000,000° 
and is capable of penetrating a thickness of 16 feet of lead. It 
is suggested that this temperature corresponds to the process 
of creation or the mutual annihilation of a proton and its accom- 
panying electron, or, more strictly, transformation from or into 
radiation. At sea level, 1*4 atoms in every c.c. of air may be 
broken up by cosmic rays per second. The ” 860 rule ” states 
that a radiation will break up an electric structure whose 
dimensions are 1/860 of its own wave-length ; so that this 
radiation of frequency 1*3 x 10"“^® should be able to break up a 
system whose dimensions are only about 10"^® cm. But this 
corresponds to the estimated size of a proton, so that the wave- 
length should be small enough and the frequency great enough 
to affect the proton itself. The quantum of energy of this 
radiation has the ” weight ” of an hydrogen atom, and cor- 
responds to its annihilation. It thus appears that matter is 
incapable of existence at temperatures above the approximately 
critical value of 2,200,000,000,000°. See Donnan.^^'^ 

The origin and significance of the cosmic, or highly- 
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penetrating radiation, has been discussed by numerous authors. 
In the original view of Millikan and Cameron, ^2 the radiation 
arises in interstellar space, whilst Hess^^ has considered the 
origin to be stellar. In contrast with views of a '' cyclic 
universe expressed by Millikan and Cameron, Stoner^^ main^ 
tains that the universe appears to be changing irreversibly, and 
that it is not very probable that atoms are being built up from 
electrons and protons generated by the materialization of 
radiation. 

It appears at the moment that the evidence concerning the 
generation of cosmic rays is incomplete, and involves many 
difficulties, so that no entirely adequate theory of their origin 
has yet been suggested. (See, however, also Vol. 3 : 58, 
and Vol. i : 36CC.) 

52. Classification of Optical Spectra 

Spectra are divided naturally into two leading classes, 
emission and absorption spectra. Emission spectra may be 
excited in various ways, for example, by arc or spark discharge 
in a gas, and may show lines, hands and continuous portions. It 
is now certain that the lines arise from atoms and the bands 
from molecules, which considerably simplifies their study. A 
band spectrum under moderate dispersion consists of broadened 
lines, which are sharp on one side only. The bands may be 
degraded '' towards the red or violet ends of the spectrum, 
that is, the side of gradual shading may lie in either direction. 
Under higher dispersion, it is generally possible to break up a 
band into a series of fine lines. Special cases of emission spectra 
are provided by the phenomena of fluorescence, mentioned in 
Section 48B above, and by chemi-luminescence (emission spectra 
accompanying chemical reactions). Absorption spectra arc 
generally obtained by passing light of continuous wave-lengths 
through the substance in question, the transmitted spectrum 
being examined. The Raman spectra (Section 48D above) form 
a special case of absorption spectra, and are treated in this 
connection (Vol. 3 : 36C, 40 to 47). Reflection absorption 
spectra of crystals are discussed in Vol. 3 : 22E, 22F. 
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It is sometimes convenient, from the practical point of view, 
to classify spectra according to the region in the wave-band 
in question, as ultra-violet spectra, infra-red absorption bands, 
and so on. Where the word “ spectra is used without 
qualification, it may be generally assumed that emission spectra 
are designated. 


53. Genesis of Spectra 

It is well-known that the wave-theory of light failed to give 
an account of the origin of spectra as observed in practice. A 
linear harmonic oscillator has an acceleration to the mean 
central position ; it should therefore correspond to continuous 
radiation of steadily diminishing frequency. An electron orbit 
about a nucleus would not be stable : the electron has an 
accleration directed towards the nucleus ; it should therefore 
pursue a spiral path. According to the classical theory, such 
movement would again correspond to continuous radiation, the 
electron would be absorbed in the nucleus, and no atom would 
possess permanent stability. Yet the evidence for the existence 
of the nucleus and its system of external electrons is so con- 
vincing that it would seem that some stabilizing condition must 
be found. Bohr^^ achieved this by a new application of the 
quantum theory, and postulated the existence of the so-called 
stationary '' orbits, or permanent, stable non-radiating orbits. 
Radiation of definite frequency is emitted when an electron 
passes from one orbit into another nearer to the nucleus. The 
innermost orbit represents the normal, unexcited state, and the 
lowest energy level. 

The light emitted by an incandescent star will be the result 
of an enormous number of similar, though not identical, processes 
in different atoms, according to this view. Collisions, due to 
the thermal agitation, may result in ionization (complete 
removal of an electron from an atom) or in displacement of 
electrons from inner levels to outer levels. The return of the 
electrons is associated with emission of light. The simultaneous 
processes in different atoms yield the usual many-lined spectra, 
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which have to be disentangled before an interpretation in terms 
of structure can be given. 

Atoms, from the present viewpoint, possess electronic energy 
only. Molecules, on the other hand, containing two or more 
atoms can possess vibrational and rotational as well as electronic 
energy. In the interpretation of band spectra, these different 
factors must be taken into account (see Vol. 3). 

Absorption spectra show certain missing frequencies due to 
absorption by the medium, which have been explained as 
associated with electronic transitions in which the normal, 
lowest energy level is concerned. 

The experimental production of a line spectrum depends upon 
the use of a fine slit. The spectral lines are images of the slit 
in different positions depending on the refractive indices of the 
wave-lengths concerned, the rays being separated by the 
spectrometer prism. 

Bohr introduced the idea of '' quantum numbers,'" as defining 
the various stabilized orbits. These numbers were chosen, in 
the first instance, from sets of integers. Later, it was found 
necessary to bring in half- valued quantum numbers (1/2, 3/2, 
etc.). 

Each energy level of an atomic or molecular system cor- 
responds to an '' energy term," capable of expression in terms 
of a definite frequency, w wave-numbers per cm. By combining 
energy levels in certain restricted ways, the observed spectral 
frequencies are obtained by difference. It would appear that, 
however far the present theory of quantum conditions may be 
amended in the future, these ‘‘ energy level diagrams " are the 
permanent property of physicists (for an example in the case of 
lithium, see Figure XCIX). It would be pleasing to be able to 
say that it is possible in all cases to calculate the energy terms 
from the assigned quantum numbers, but so far this is possible 
in certain simpler cases only : hydrogen, ionized helium and the 
alkali metals. In more complex systems, often only empirical 
relations are available, and these are sometimes not very 
accurate. The justification of a given assignment of quantum 
numbers in the case of more complex systems must be partly 
that they give the experimental number of terms, and partly 
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that they are conformable with general chemical considerations, 
largely based on the Periodic Classification of the elements. 
Small '' lower case lettering is used as far as possible for 
electronic quantum numbers, and capitals for numbers 
applicable to whole atoms (see Vol. 1:5). 

The quantum numbers yield a good general explanation of 
the relative intensity of lines, and of the frequency separation 
of doublets, triplets and higher multiplets (see Chapter XVII). 

The effects of electric and magnetic fields on spectral lines arc 
introduced in this Vol. : 63. The influence of weak magnetic 
fields (Zeeman Effect) is discussed in Vol. i : Chapter XI, and 
of strong magnetic fields (Paschen-Back Effect) in Vol. 3 : 8A. 
The influence of electric fields (Stark Effect) is treated in Vol. 3 : 
8B. The hyperfine structure of spectra is discussed in con- 
nection with nuclear spin in Vol. 3 : 34. The present 
discussion is limited to atomic emission spectra. Band spectra 
are considered in Vol. 3. 

Mathematical proofs are in general omitted from the text, or, 
where necessary, inserted in appendices. No attempt is made 
to deal with the mathematical treatment of the new quantum 
mechanics, but where this new and powerful method has 
achieved results bearing on items of discussion, this is indicated 
wherever possible. 

With regard to the origin of the quantum theory, and its 
applications to the study of the photoelectric effect and of 
specific heats, as well as to the simplest line spectra, reference 
may be made to the author's Basis of Modern Atomic Theory 
(caps. VI and VIII). Heisenberg^* has given a summary of the 
evolution of the quantum theory over the decade 1918-1928. 
Other papers of interest in this connection will be found in the 
issue containing Heisenberg's paper, the particular part of 
Naturwissenschaften being issued in honour of the 50th anniver- 
sary of the doctorate of the celebrated author of the quantum 
theory, M. Planck. 
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CHAPTER XVI 


THE GENERAL PRINCIPLES OF LINE SPECTRA 

54. The Bohr Theory for One Extranuclear Electron 

The fundamental problem raised by the existence of optical 
spectra characteristic of atomic and molecular systems is 
naturally that of their correlation with suitable corresponding 
structures consonant with the conclusions reached as to the 
nuclear and electronic constitution of matter. It has been 
pointed out that the older wave theory of radiation failed to 
give an explanation adequate to meet the spectroscopic facts — 
or even to provide atomic models possessing permanence and 
stability, and that only by a new application of the quantum 
theory was a solution found. In spite of serious practical 
difficulties involved in the disentanglement of spectra, whose 
related systems are generally disguised by overlapping and 
superposition, the study has already proved remarkably fruitful, 
and constitutes from many points of view the most important 
method of attack on structural questions. Following the plan 
of the present work, no attempt can be made to discuss the 
matter from the purely experimental standpoint, and it seems 
preferable to deal with it, in the first instance, from a reverse 
angle, namely, starting with the simplest structures w'hich have 
been postulated, to attempt to deduce spectral frequencies in 
agreement with observation. 

The postulates of the Bohr theory, as stated by the author,^ 
are as follows : — 

(i) That energy radiation is not emitted (or absorbed) in the 
continuous way assumed in the ordinary electrodynamics, but 
only during the passing of the systems between different 
" stationary '' states ; 
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(2) That the dynamical equilibrium of the systems in the 
stationary states is governed by the ordinary laws of mechanics, 
while these laws do not hold for the passing of systems between 
the different stationary states ; 

(3) That the radiation emitted during the transition of a 
system between two stationary states is homogeneous, and that 
the relation between the frequency v and the total amount of 
energy emitted E is given hy E hv, where h is Planck's 
constant ; 

(4) That the different stationary states of a simple system 
consisting of an electron rotating round a positive nucleus are 
determined by the condition that the ratio between the total 
energy, emitted during the formation of the configuration, and 
the frequency of revolution of the electron is an entire multiple 
of A/2ir. Assuming that the orbit of the electron is circular, 
this assumption is equivalent with the assumption that the 
angular momentum of the electron round the nucleus is equal 
to an entire multiple of h\2TT ; 

(5) That the permanent state of an atomic system — 
the state in which the energy emitted is maximum — is deter- 
mined by the condition that the angular momentum of the 
electron round the centre of its orbit is equal to hjzTT, 

It was afterwards shown by Wilson^ and Sommerfeld^'^ that 
a more general condition, of which Bohr's quantization of 
angular momentum provided a particular case, might be 
expressed as 

\pdq =nh (i) 

for every degree of freedom of the electron, where q is described 
as a generalized Lagrangian co-ordinate, with p the correspond- 
ing momentum, the integral being taken over a complete period. 
Thus, if 771 , e represent the mass and charge of an electron moving 
with velocity v in a circular path of radius r, and dx is an element 
of the path, the equation over one period assumes the form 
mv.dx = 7 ih, or 2 iTmvr^nh, so that the angular momentum 
mvr is a multiple of h/ 27 r, as postulated by Bohr. Alternatively, 
if the polar co-ordinates of the electron are r, d, j p,dO=^nh, 
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SO that the angular momentiun p is given by 2 irp ~ nh, or 
p == nh/ 2 ir, which again leads to Bohr’s postulate. In equation 
(i), if dq represents an elementary distance or angle, p cor- 
responds to ordinary or angular momentum respectively. The 


Pfund 



Fg 4387’7 cm7^ 


Figure XCVI. — ^Circular Orbits in Atomic Hydrogen (Bohr). The 
terms are given by 109677 = Fn in cm.—i The A values are obtained (in 

A.U.) by dividing 10* by the wave number (cm. — ^) differences between terms 
concerned: A =io*/te;=io®/(Fn — Fni). 

number " n ” is the " principal quantum number of the orbit,” 
and assmnes the values I, 2, 3, 4 . . . from the innermost orbit 
outwards. 

Sommerfeld®'* showed that, taking h as the unit of action as 
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in equation (i), the energy of a simple harmonic oscillator must 
be quantized in multiples of hv, whilst, as stated above, in the 
case of a rotating body, the angular momentum is quantized in 
multiples of hjzTr, 

Bohr’s theory of circular orbits defined by inverse-square ” 
laws was eminently successful in explaining the series of line 


HgHs Hy 


Hfi 
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1 » I I 
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Figure XCVII. — Balmer Series of Atomic Hydrogen. The wave- 
lengths from the red line through five others to the limit in the ultra-violet 
are -6562 • 793, 4861*327, 4340*466, 4101*738, 3970*075* 3889*052 . . . 
3645*981 A.U. The corresponding wave-numbers fit the formula w = 
JR(i/4 — i/m 2 ), where m = 3, 4, 5 . . . and are therefore given by 
3/?/i6, 21RI100, 2Rlg, 451^/196, 157^/64 . . . i?/4. The above wave-lengths 
stand in the ratio 9/5 : 4/3 : 25/21 : 9/8 : 49/45 ; 16/15 . . . ; i. 


spectra observed in hydrogen and ionized helium, found 
empirically to conform to the general formula 



where w is the '' wave-number ” (wave-length reciprocal) of a 
spectral line, R is Rydberg’s constant, and n are simple 
integers, n-^ being constant for a given series, and n >n^. Thus, 
,for the series discovered by Balmer®, 7^1 --- 2, = 3, 4, 5. . . . 

For the Lyman, Paschen, Brackett and Pfund series, = i, 3, 
4, 5 respectively. The way in which lines are considered to 
originate is depicted in Figure XCVI. In equation (2), Z 
represents the nuclear charge, equal to i for hydrogen, and 2 
for He*^. Each series of lines converges to a limit for ^ ==00 . 
The Lyman series occurs in the extreme ultra-violet spectral 
region, the Balmer in the visible (see Figure XCVII), the 
Paschen in the infra-red, and the Brackett in the far infra-red, 
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a region where there are considerable difficulties of observation. 
The frequencies (expressed as wave-numbers) of the Balmer 
series of hydrogen {Z = i) are readily found to be the following 
fractions of R : 5/36, 3/16, 21/100, 2/9 .. . 1/4, and the 
corresponding fractions for other series may be easily derived. 
Certain '' combination '' relationships natural^ follow.® For 
further information concerning the series of hydrogen and 
ionized helium, and the deduction of the Bohr formulae given 
below, the reader is referred to The Basis of Modern Atomic 
Theory, Chapter VIII, and to this Vol : Appendix to Chapter 
XVIII. 

Bohr's theory was remarkably successful in explaining the 
series of line spectra observed in hydrogen and singly-ionized 
helium. The argument gave the energy of an electron in 
an orbit of principal quantum number n as 


E 


n 




(3) 


where c is the velocity of light in vacuo. The corresponding 
wave-number is given by = vjc EJhc, so that, using (3), 


= R.Z^ 



(4) 


and combination between wave-number terms of different 
levels led by difference to an expression of type (2), by w —■ 
Fn^ — F,,. The result was found to be in quantitative agree- 
ment with experiment, the value of R being expressed in terms 
of other physical constants as follows : — 


27T^e^m^ 

ch^ 


(5) 


This gives a value of R closely approximating to 109,678 cm.' 
the empirical experimental result, the constants being inserted 
in C.G.S. units. This initial achievement of the theory did 
much to ensure its acceptance. 

It is now a matter of historical importance that Bolir,^ by a 
slight modification of equation (5), succeeded in accounting 
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quantitatively for the experimental result that the constant R 
for the helium series was slightly greater than that for the 
hydrogen series ^ 109,722 cm. ■^). The influence of the 
finite mass M of the nucleus was allowed for by the substitution 
for of a term = M I {M + mj), and exactly the right ratio 

• ^He found. This position was reached in 1913. 
More recent measurements of Houston® have yielded = 
109,677759 and J?He = 109,722*403 cm.“^ This gives the first 
ten hydrogen terms as 


n 

Term (cm.“^) 

n 

Term (cm.-') 

* 

109677*7 

6 

3046*6 

2 

27419*4 

7 

2238*3 

3 

12186*4 

8 

17137 

4 

6854*8 

9 

1354*0 

5 

4387-1 

10 

1096*8 


It is observed that, apart from the difference between R^ and 
the hydrogen terms of quantum number n are the same 
as those of helium of quantum number 2n, since Zhc ~ 

'Fhe Rydberg constant '' increases slightly with increasing 
atomic number, approaching a limiting value 109,737*42 cm.^"^ 
In practice, this is used in considering the spectra of the higher 
elements, suitable adjustments being made in the denominator 
of the fraction giving an energy term to allow for small 
deviations of R from the limit. 

The discovery of a heavier isotope of hydrogen of mass 
number 2, or deuterium, by Urey, Brickwedde and Murphy® 
depended on the fact that its series lines showed small displace- 
ments from those of ordinary hydrogen {R^2 = ^<^9707 *39). 
A summary of the literature dealing with deuterium is due to 
Farkas.^® 

The velocity of an electron in a hydrogen-like system is 
given, according to Bohr's theory (see Basis, p. 186) by 


2me\Z 
h n 
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Thus for the innermost orbit of hydrogen, a quantity a is 
defined by 


V 27r«* I 

c ~ ch ~ 137 '2 


( 8 ) 


The constant a is known as Sommerf eld's " fine-structure 
constant," and is of considerable importance in the inter- 
pretation of spectra. 

The radius of a circular orbit is given by 


" =4-*^ 

Thus the orbits increase in radius with increasing n as 
1:4:9..., and the radius of the innermost orbit of hydrogen 
is 0*528 A.U. 

Unsold^^ has examined the spectrum of the sun’s chromo- 
sphere, and has measured 14 Balmer lines. 

It is important that we should observe that the new wave- 
mechanics gave the same formula for the Rydberg constant as 
Bohr’s theory (equation (5)), but without the assumption of 
quantized orbits. The wave equation has solutions for negative 
values of E of 2TT^fie*Z^ln%^, and for all positive values of E. 
The negative values correspond to Bohr’s terms, the sign 
denoting that this amount of energy must be suppUed to the 
electron to remove it to infinity (ionization). The positive 
values which are unquantized correspond to a continuous 
spectrum beyond the series limit, extending some little distance 
to shorter wave-lengths, i.e., to higher frequencies. Cor- 
responding paths on the orbital model had been postulated soon 
after Bohr put forward his theory. They are of hyperbolic 
form, and are analogous to the paths taken by certain comets 
passing near the sun. A transition between one of these levels 
and a quantized orbit will give rise to radiation greater in 
frequency than corresponds to the series limit. The energy 
expression involves the velocity of the electron v and the 
distance a between the electron and the nucleus. Since v and a 
are not quantized, these orbits give rise to a continuous 
spectrum. 
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It is tempting to draw analogies between atomic and 
planetary systems, but these must evidently not be pressed too 
far. An interesting survey of the origin and development of 
Bohr's theory is provided by its author. 


55. Sommerf eld’s Extension to Elliptic Orbits 

The more refined investigation of the series lines of the 
J^almer type, using higher resolution obtained by means of 
more precise instruments, has revealed that the lines are 
capable of being split into components, of which for any given 
line the two main components constitute a " doublet." 
Paschen^® found separations between 0-358 and 0*363, whilst 
Hansen^^ reported the values : 0*316, Hb 0*317, Hy 0*328, 

H5 0*322, He 0*324 cm. More recently, Williams and Gibbs^® 
have found the separation 0*308, with the corresponding 
value for the heavy isotope of 0*321, whilst Houston and Hsieh^® 
have given : H^^ 0*3298, Hy 0*3388, H5 0*3451, H^ 0*3506 cm. 

Sommerfeld,^ realizing that some amplification of the Bohr 
theory was necessary to account for this fine structure, included 
elliptic as well as circular orbits in the scheme, involving the 
use of two quantum numbers to define an orbit, and introducing 
conceptions involved in Einstein's hypothesis of relativity. 

A particle moving under a force directed to a fixed point will 
trace a path such that the angular momentum is constant, a 
well-known consequence being that equal areas are swept out 
by the radius vector in equal times. If the particle is repre- 
sented by an electron, and the fixed point by a nucleus, the 
inverse square law of attraction being assumed to hold (force 
varies as the path traced out by the electron will be a 

conic." Since only closed paths are in question, two 
possibilities arise, the cases of circular and elliptical motion. 
Bolir considered circular motion only in his original treatise, and 
found the assumption adequate to meet the facts. Sommerf eld 
investigated the case of elliptical motion, with important 
consequences. The calculation is given briefly in the Appendix 
following Chapter XVIII (2). 

This study revealed that elliptic orbits would also give rise 
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to lines of the Balmer type. The ellipse has two independent 
variables, represented by the polar co-ordinates 6 , r, and 
elliptical motion involves two degrees of freedom. Hence, 
applying the Wilson-Sommerfeld expression, two quantum 
numbers, known as the azimuthal quantum number k and the 
radial quantum number n„ make their appearance, given by 
the equations 


jpide = kh 
=■■ nji 


where pi, p^ are the angular and radial momenta respectively, 
and the integrals are taken over complete periods of revolution. 
The following equations were deduced : — 


i?., = - 


{k + »,)* 

RhcZ^ 

{k+ «;j* 


a* 

"" 6 * 


i.Z^( ^ 


where e is the eccentricity, a the major, b the minor axis of the 
ellipse, and R is given by equation (5). Further, n ™ k + 
is the principal quantum number, as with circular orbits. 

In an elliptic path, the nucleus is at one focus, and the length 
of the semi-major axis a varies as in the same way that the 
semi-latus rectum varies as k^, the constant of proportionality 
being h^l^TrH^mZ. Further, study of equation (10) shows that 
(i) when n = k, € -= o, and the path is circular ; (2) the case 
k ------ o does not arise, since this gives € = i, corresponding 

to a straight line path passing through the nucleus ; (3) 

the lower the value of k for a given n the larger is the value 
of 6 , so that lower k's give more eccentric ellipses ; (4) since 
n k + there will be n values of k corresponding to each 
value of n. Thus, for ^ = 3, ^ = i (circle), or A — 2 or 3, the 
last possibility corresponding to the most eccentric ellipse. 
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Moreover, k measures the angular momentum of the electron 
in an orbit, instead of n. The major axes are equal for a given 
set of curves for the same n. Figure XCVIII shows the 
hydrogen orbits as far as «= 4. The usual designation of an 
orbit was %, so that the three orbits for which n = 3 were 
represented by 33, 3, and 3i, 



Figure XCVIII. — Circular and Elliptic Orbits in Atomic Hydrogen. 

(Sommerfeld). 


Sommerfeld gave an explanation of the fine structure of 
hydrogen lines in terms of the relativity correction for mass with 
velocity ; in the case of eccentric orbits, the near approach of 
the circulating electron to the nucleus is associated with 
orbital precession," or slow rotation of the orbit about the 
nuclear focus. According to the theory of relativity, a body of 
mass m (measured at rest) moving with velocity v acquires a 
mass given by mj y/x — where p = v/c. In consequence of 
this, the Balmer energy terms (ii) have to be replaced by the 
following expression : — 

RhcZ^ r a?Z^(n 3\1 

J ^"3) 
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where a is the fine structure constant of equation (8). 
this, the term shift JF (in cm.“^) is given by 


JF=- 


Ra*Z* 


(1 _ 

5‘8igZ*/ 


\k 4w/ 

V 

k 4n/ 


From 


(14) 


The doublet separation for « = 2 is then given by the difference 
between two term shifts AF — AF^, where Z = i, n — — 2, 

A = i, = 2, so that the separation becomes 

5-82/ i\ 

-y-(i 2) =0-364 cm. -1 


The experimental values of the separation of the Hn (ist 
Balmer) line available appeared to be sufficiently close to this 
calculated value to claim the result as an initial success of the 
theory. 

The wave-numbers of the shifted terms are obtained by 
dividing the right-hand side of (13) by he. The results for the 
first three principal quantum levels of hydrogen are as follows : — 


n 

k 

Term values (cm.-^) 

' 

Differences 

I 

1 

109 . 677-759 + 1-455 


2 

2 

2 

1 

27,419*440 “l-o*o9i 
27 . 4 I 9 - 440 + 0-455 

0-364 

3 

3 

3 

3 

2 

I 

I2,i86*4i8H-o*oi8 

12,186*4184-0*054 

12,186*4184-0*162 

0*036 

0*108 


It is observed that the term values are shifted in the direction 
of firmer binding (higher wave-number on the convention 
adopted) with decreasing azimuthal quantum number k, since 
the term shift, given by (14), is such that JF increases with 
decreasing k, and vice versa. Thus orbits having the same 
principal quantum number n and different ^’s have slightly 
different energies (see Figure CII). 

The corresponding term shifts for « = 3 and n = 4 for He'*' 
(Hell) are as in Figure CII. 
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According to the theory, the fine structure separations of 
ionized helium should be i6 times as great as for corresponding 
lines of hydrogen, since equation (14) involves This con- 
dition seems to be fairly accurately satisfied. 

Further work has indicated that Sommerfeld's interpretation 
of the fine structure of the hydrogen lines is incomplete. 
Gehrcke^’ suggested that difficulties arose in connection with 
the separations and intensities of the lines. The theory of 
Sommerf eld allowed for three components of Hfi, corresponding 
to transitions 33 to 22, 3.2 to 2^, 3^ to 23. On the other hand, at 
least four components appeared to be identified by Kent, 
Taylor and Pearson.^® Similar difficulties were found to arise 
in the case of ionized helium. It has been found necessary to 
bring in the theory of electron spin (this Vol. : 58 and Figure 
CII). Sommcrfeld and Unsold^® treated the problem from this 
point of view, and found that Ha might have seven com- 
ponents ; this number has since been reduced to five, owing to 
coincidence of some of the levels supposed to be slightly 
separated. The first line of the Fowler series of ionized helium, 

=-- 4 to w = 3, could have five components on the original 
SommerfelJ theory, raised to thirteen by Sommerfeld and 
Unsold on account of electron spin. This number is reduced to 
eight by coincidence of some levels. At least four, and possibly 
five, of these components have been identified by Paschen,®® and 
some of them involve transitions excluded by Sommerfeld's 
original theory. This matter, together with conclusions drawn 
from the new quantum mechanics, is considered in this Vol. : 

58. 


56. The Correspondence Principle 

The introduction of the quantum theory into atomic 
structural problems involves such a wide departure from 
classical ideas that it becomes specially interesting and 
important to observe that a correlation between the two 
methods of treatment has been found. According to the 
classical theory, the frequency of radiation emitted by an 
electron moving in a singly-periodic orbit (involving motion in a 
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closed path which repeats itself with frequency N) is a whole 
number multiple of the frequency of revolution in the orbit. 
When the orbital quantum numbers are large, the frequency 
differences in orbits of the Bohr kind between one orbit and the 
next become correspondingly small. In transitions between 
orbits having large quantum numbers, Bohr found that the 
frequencies given by the classical and the quantum theory are 
the same. A simple proof of this statement is given in the 
Appendix following Chapter XVIII (4). 

On the basis of the correspondence principle, Einstein^^ 
deduced Planck*s formula of radiation in 1917. Rubinowicz^^ 
found the consequence that the azimuthal quantum number k 
(which measures the angular momentum in an orbit) cannot 
change in any orbital transition involving emission of radiation 
by more than unity. Bohr ruled out the case Ak = o. WalB^ 
has given a simplified proof of the selection principle applicable 
to the azimuthal quantum number. He assumes that an 
electron jumping from initial to final orbit is '"in a sense 
equivalent to an electron undergoing simple harmonic motion 
along two perpendicular axes with amplitudes a and b and equal 
frequencies, corresponding to motion in an ellipse with semi- 
axes equal to the amplitudes of vibration. It is found that the 
change of angular momentum in a transition, for the phase 
difference 77/2, is given by 

h ■zah 

^ 


SO that, by the definition of azimuthal quantum number, 


Ak 


zab 

a* + 6* 


(15) 


Since {a — bY>jd, 2ab<{a^ + ; therefore the right hand 

side of (15) must lie at or between the limits +1 and — i, 
intermediate values being possible. By the condition that Ak 
must be integral, it follows that Ak = ±1 or o, where Ak o 
would correspond to a linear polarization, and = + i to a 
circularly polarized wave. Further consideration, however, 
indicates that the former case would not result in radiation, 
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and so is forbidden. The true selection rule for azimuthal 
quantum numbers k is therefore simply Ak ^ ±i. 

Assuming that the orbits 2 2, 2i have not exactly equal 
energies, and that the same is true of 33, 32, 3 i, the only possible 
transitions giving fine structure will be 33 — 22, 3i — 22 (very 
close) and 32—21 for the first Balmer line H^. It has, how- 
ever, been already indicated that a better explanation is given 
in terms of electron spin, which theory provides a greater 
number of possible transitions. 

It is of interest in the present connection to note that, 
according to more recent work, orbits having zero angular 
momentum must be included in the general scheme. The 
selection principle deduced from the correspondence theorem 
remains, however, unchanged (this Vol. : 59). 


57 . Series Spectra of the Alkali Metals 


(A) Empirical Formulae. An introductory discussion of 
series spectra will be found in Vol. i : 7. The atomic influences 
responsible for the fine structure of the hydrogen lines show 
more marked effects when atoms of higher atomic number are 
considered. It is found to be possible to trace many of the lines 
back to fundamental terms of the Rfn^ type, but n is not in 
general found to be a whole number. Various series of lines 
converging to definite limits are found, as in the case of 
hydrogen. Many different empirical formulae to cover the data 
have been proposed to represent the wave number terms, 
notably by Rydberg^®, Kayser and Runge,^® Ritz^’ and Hicks. ^ 
Fowler’ has tested the applicabilities of the various expressions,/ 
and has made considerable use of the formula proposed by 
Hicks, whilst WentzeF® has discussed the theoretical foundation 
to the modification of the Rydberg formula proposed by Ritz. 
The Rydberg term formula is of the type : — 




(16) 


where Zj is the resultant change on the atomic “ core,” m is a 
whole number, and a is constant less than i for a given 
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sequence of terms. The other formulae involve, in general, 
additional terms within the bracket in the denominator of the 
above expression. If 7 t is the principal quantum number of the 
level corresponding to the above formula may be written 
in the more convenient forms (see following sub-section) : — 


z m _ R{z - 5^)2 

(n — /x)2 ^2 



where fi is constant for a given sequence and depends upon the 
azimuthal quantum number k, (Z — Sp) is the effective nuclear 
charge, and fi is called the “ quantum defect.*’ 


(B) Sharp, Principal, Diffuse and Fundamental Series. 

We may recall that in the case of hydrogen lines, the cor- 
responding terms were such that torn there was one level, 
for which A = i ; for n — 2, there were two, with k i, 2 \ 
for n = 3, three levels with A = i, 2, 3 ; and so on. It is 
found that the more complex series spectra present certain 
analogies with the hydrogen spectrum and corresponding 
sequences of terms. 

The alkali metals have one valency electron outside closed 
systems, and may be treated in the first instance as hydrogen- 
like, and consisting of the valency electron executing an orbit 
around the atomic core ” carrying resultant charge +1. From 
this simplified point of view, we may put in equation (16) 

above. 

It may be convenient to examine one case in some detail, 
and for this purpose the simplest case, that of the lithium 
spectrum, is chosen. We shall neglect the fine structure ” of 
the lines in the first instance. 

The wave-numbers of the Lj spectrum may be classified in 
series, as follows, to which the names Sharp, Principal, Diffuse 
and Fundamental as given on page 492. 

Various simple relations are readily discerned, which are of 
general application. The S and D series have the same limit ; 
the difference between this limit and that of the F series equals 
the frequency of the first line of the D series ; the difference 
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Wave-numbers (rm.“^) 


Sharj^ 

Principal 

Diffuse 

Fundamental 

Line 

Series 

Series 

Series 

Series 

1 

12300-9 

14903-0 

16378-9 

5347*0 

2 

20107-3 

30924 *5 

21718-9 

7821-3 

3 

'-^3394 *5 

36467-4 

24192-2 

9171*5 

4 

25081-8 

39001-6 

25534*5 


Series ^ 

J Jniit 

28581-4 

434«4-4 

28581-4 

12202-5 


between the limit of the P and S series gives the first line of the 
P series (Rydberg-Schuster Law). Further, the limit of the P 
series is 43484-4 X 1-234 X lO' 5-36 volts, equal to the 
ionization potential of the atom, so that the ground state is 
involved in all transitions which produce this series. The above 
relations show that some co-ordination must exist between the 
four systems. The letters S, P, D, P are used to denote the 
series beginning with the corresponding letter. 

In constructing an energy level diagram, we commence by 
labelling the ground state as the limit of the P series 43484-4 
cm.~i. The higher terms have then lower wave-numbers. (It 
is due to this convention that the energies in emission transitions 
are negative : it would be better if the lowest term were always 
labelled zero, and the higher terms reckoned positively above 
this, as is actually done in the case of band-spectra. The 
author was tempted to introduce this system into the atomic 
energy levels, but decided that at the present stage it would 
complicate the reading of the original literature rather too much. 
The change-over to the new system is greatly to be desired from 
many points of view. It would bring the energies with positive 
sign in emission, and negative sign in absorption. Further, the 
practice has been to give the lower level first and the upper 
level second in an emission transition : since this is so easily 
reversed, the change has been made in this text.) 
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The hydrogen terms Rfn^ were replaced by Rydberg by terms 
of the Rj[m + aY type, where R ^ 109,721*6, and m took on 
consecutive integral values for a given series, the lowest value 
of m being chosen so that a< i. The wave-number of a line 
was obtained, as with hydrogen, by the difference between two 
terms, the first constant, and the second varying in each member 
of a series, according to the following scheme 


Lithium 

Series 

W 

^ tn 

Values of m 

Sharp 

^ ^ Q Q I 

— ^ — 28*581-4 — 

(i+^)“ (<» l-s)* (ot+o- 595 i)“ 

2, 3. 4 00 

Principal 

R R ^ I 

43484-4 — 

( 1 + 5)2 ( m + p )^ (w+o- 9590)2 

I, 2, 3 00 

Diffuse 

R R 00 ^ 

— - 28581*4—- -- - 

(i+^)2 (m +0*9974)2 

2, 3, 4 .... CO 

Funda- 

mental 

R R 1 

— ^ - 12202*5 ™ 

(2+(i)2 (m'l-/)2 (m + 0*9986) 2 

3- 4. 5 — « 


It is thus found possible to calculate the wave-numbers of 
any line of a series, as well as the limiting wave-number, by 
assuming that the constant a can take on one of four values 
^ = ^' 595 ^y P = 0*9596, d = 0*9974, /= 0*9986. The con- 
stants approach the value unity in the order 5, p, d, /. This 
suggests that the lithium valency electron can exist in four 
states, which may be termed the s, p, d and / states, correspond- 
ing to orbits which become increasingly like those of hydrogen 
in the above order, since the / terms approximate most closely 
to the hydrogen terms Rjn^, where n is an integer. The 
explanation which fits the facts best is that s electron orbits 
penetrate most within the core of the lithium atom, and hence 
deviate most from hydrogen terms. Thus, for s electrons, the 
assumption that Zj = i is least justified, since by penetration 
within the inner system of the atom, they become for part of 
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Iheir journey subjected to a much larger positive charge, the 
true nuclear charge Z being 3. On the other hand, the /orbits 
must be largely non-penetrating ; they lie outside the core, and 
the system is most hydrogen-like, the assumption Zi = i being 
here very closely true. Lithium electrons in states for which 
a 0‘595i (or fi 0*403, see below) are then termed s 
electrons, and similarly for p, d and / electrons. 

The situation becomes much clarified when a different 
method is used of expressing terms, already suggested in the 
preceding sub-section. It is better to arrange matters so that 
the differences in the Rydberg denominators are negative, for 
which purpose we replace m ahy n — where n m i, 
and is now the true principal quantum number, whilst ^ is the 
quantum defect. We may then write for the four series of 
lithium : — 


Series 

w„ 


n 

Sharp 

R R 

/X, : 0*403 

3 . 4 » 5 a> 

Principal 

R R 

/Xp = 0*045 

2> 3, ‘1 CO 

Diffuse 

J? R 

{2-7g= 

- 0*001 

3 . 4 > 5 CO 

Fundamental 

R R 

- - 0*000 

4* 5> 6 00 


The ground state of lithium must have n = 2, since the n = x 
group is complete at helium ; this is now correctly given, and 
the lithium electron is in a 2s state. The principgd series is 
obtained by transitions 2p to 2s, to 2s, 4p to 2s, and so on. 
The other series are obtained as in the following scheme, where 
the term values of Li and H (in wave-numbers) are also 
inserted : — 
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LITHIUM TERMS HYDROGEN TERMS 

1096777 (»» « x) 

274x9-4 (w *) 

id 12202 1 2186-4 (»* “ 3) 

4<X 6862-5 4 ^ 6' ^ 5-5 • • . 6854-8 (n »=• 4 > 

5^ 4389-2 ^^5/438x2 • • 4387-1 («=- 5) 



DIFFUSE • FUNDAMENTAL 
< < 


It will be observed that this interpretation of the lithium 
spectrum does not require a level corresponding either to a 2d 
or a 3/ electron. (The level corresponding to that labelled 3^? 
cannot be 2d, since it approximates to the hydrogen level for 
which n 3, and similarly for 4/.) Therefore, for n 2, there 
are two possibilities 2s, 2 p ; for w ~ 3, three possibilities 3s, 
3^, 3^/ ; and so on. For n x, there is only one possibility, 
which will be termed is. 

The symbol Rj {2 — fipY^ may be conveniently replaced by 
2p, R/{n — by ns, and so on, so that the above scheme 
may be written for Li : — 


Series, 

Sharp 

Principal 

Diffuse 

Fundamental 


Transitions, 

ns > 2 p 

np >2s 

nd > 2 p 

nf >:id 


n values. 

3 . 4 . 5 ---- 

2 . 3 . 4 - --- 

3 . 4 . 5 - --- 

4, 5, 6. . . . 


Figure XCIX shows the energy levels and arc spectrum of the 
Li atom. The term symbols at the left of the diagram are 
explained later. Similar schemes have been drawn up for the 
other alkali metals (Figure C). The valency electron of Na will 
be 3s, of K 4s, and so on, since two quantum rings are complete 
at Na in the atomic core, and three for K. The selection of 
principal quantum numbers for the electrons in various states of 
the alkali metals in general is discussed in sub-section 57D 
below. At the moment, it is only desirable to observe that in 
all cases the electrons fall into s, p, d, f, types, the quantum 
defect of any one type being constant for a given type of a given 
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CONTINUU 




3p 

3^ 

33 



A34eA 4cnC^ Normal or Ground State 


LITHIUM Arc spectrum 



ZO TO 

InfircL-red 


TwxW^c/nr 

5 


U/tra~i^to/et 


Figure XCIX. — Energv Levei^ of the Lithium Atom. The diagram shows how the lines of the 
principal, shai p, diffuse and fundamental scries arise. The wave-numbers are given by differences, a 
given level being represented by a Rydberg fonnula (see text) . The levels are divided into s,p^d and / 
types, characteriied by the same quantum defect for a given type. Some of the upper levels fall so 
near together that they are not accurately given on the scale at the side. The transition 2/> to 2s gives 
the red line of the si^ectrum at \=- 6,708 A.U., and constitutes the first line of the principal series. 
The multiplicity of levels is not shown, but the separations are small for the lithium atom. The arc 
spectrum of Li is shown at the foot of the Figure. 
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atom and independent of w. The quantum defect is not 
necessarily such that /x< i. 

Examination of equation (17) shows that decreasing quantum 
defect fi corresponds to increasing shielding constant and 
decreasing effective nuclear charge Z — Sp. Hence, since the 
fi's decrease progressively from orbits, it may be 

concluded that the shielding of the nuclear charge is least for 
5 orbits, and that they penetrate most within the atomic cores. 
Similarly, the / orbits tend to lie outside the cores, the nuclear 
charge being largely shielded by intervening electrons. The s 
orbits will tend to resemble the most elliptical orbits of liydrogeii 
in shape, whilst the / orbits will be practically circular. 

Weaker series, having second (or higher) terms of sequences 
for their limits, have also been recognized, as iis to 3^, and up 
to 3s, where 3, 4, 5 . . . , and so on. As higher terms are 
used, the series tend to become progressively fainter. Further 
series, beyond the 5, P, P, may be observed, and are 
generally lettered consecutively G, H, I, K, L, . . . 

The visible range is from the infra-red end at about 13,330 
to the ultra-violet extreme at 26,670 wave-numbers. The S 
and D series of Li thus lie mainly in the visible region ; the first 
line of the P series is a red line in the visible spectrum, but the 
limit of the spectrum lies far away in the ultra-violet ; the F 
series, discovered last, is in the infra-red, its series limit coming 
nearly up to the limit of visibility. 

The inner stationary states of an atom correspond to larger 
ionization potentials, and the ground state, by convention, to 
the highest wave-number of spectral terms. Such levels are 
said to have the firmest binding. It is an essential part of 
Bohr’s general theory of atomic structure^® that the successive 
addition of electrons with increasing nuclear charge, on passing 
from one atom to the next in the periodic system, takes place 
in those orbits for which the firmness of binding is strongest. 
The addition of an electron may affect the firmness of binding 
in orbits other than the one entered. This has been used to 
account for the appearance of transition elements at scandium 
(Vol. 1:9). 
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(C) Azimuthal and Serial Quantum Numbers. It will be 

convenient to set deductions derived from the spectra of 
hydrogen and the alkali metals side by side, as follows : — 


Hydrogen Atom 

(a) The energy terms conform to 
a formula of the type Rjn^. 

(b) For each n, there are n orbits 

characterized by constant k, where 
k ^ 2, 3. . . n. 

(c) The eccentricity of the orbit 
decreases from k ■■ i (ellipse) to 1 
k = n (circular). 

(d) For given w, orbit with k -- i 
has firmest binding, and h — n 
least. 

(e) Normal electron transitions 

are selected by the rule Ak -{- 1 or 

— I. 


I Alkali" Metal Atoms 

\ ^ 

j (a) The energy terms conform to a 
I formula of the type /?/(w — /x)“. 

(b) For each n, there are n orbits 
of the types s,p,d,f. . . , for which 
jjL is fixed for a given type of given 
atom. 

(c) The 6 ' orbits are the most 
' elliptical and penetrating within the 

atomic core, the /orbits being nearly 
circular. 

(d) T‘'or given w, the 5 orbits lie 
deeper than p, p than d, d than /. . . . 

(e) Normal ehictron transitions are 
limited to consecutive pairs in s, p, 
dj, . . . 


When this comparison is carefully considered, the rule that 
for s electrons, /e i ; ior p, k = 2 ; for d, ^ 3 ; for /, 

A = 4 ; is strongly suggested. It appears that the hydrogen 
orbits are reproduced by corresponding orbits, modifications 
being due to penetration into the cores of alkali metals. 

In the solution of the wave equation of hydrogen H by the 
new quantum mechanics, certain characteristic constants occur 
which have been identified with the quantum numbers of the 
older theory. In this way, it has been found that for each 
principal quantum number n there are n states, given by 
I o, 1, 2 (n — i). The older k becomes substituted by 
I - k — 1, It will be remembered that Bohr and Sommerfeld 
originally excluded orbits with zero angular momentum, but 
these form an essential part of the new theory, and, in terms of 
the orbital model, correspond to straight lines passing towards 
the nucleus of an atom. The term serial (or orbital ”) 
quantum number is used for I, which now replaces the older 
azimuthal or subsidiary quantum number k. It may be pointed 
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out that before the advent of the new quantum mechanics, it 
was realized that the older assignment of k*s was not entirely 
satisfactory : indeed, we shall see that k == i would give 
doublet structure to s orbits, which are known to be single. 
The change tol = o meets this requirement quite satisfactorily. 

Orbits may henceforth be designated by instead of 
Thus a 2s electron has n ==- 2, I = o, and may be represented 
2o ; 2p as 2i, and so on. The orbital angular momentum is 
measured, on the new theory, by /A/ 27 r, if rotation occurs about 
a fixed axis, or by Z*/i/ 27 r 's/lil + i)A/ 27 r, for motion about a 
free axis. The older quantum theory gave khl 2 rr in both cases. 

The properties previously associated with k may now be 
transferred to /, which has the same value for a given quantum 
defect of a given atom, and which must be associated with the 
penetration of the series electron into the atomic core. It is 
pleasing to be able to say that it has been found possible to treat 
penetrating orbits in the case of a single valency electron both 
from the standpoint of the classical®^ and the quantum- 
mechanicaP^ models. On the classical model, it has been found 
that the quantum defect may be expressed in terms of I as 
follows : — 


zp 


'^ 2 pZCln — -f- l) 


(^ + i) 


(18) 


where p — radius of atomic core (as deduced from electron 
distribution curves, see Pauling®®) = o*i32aH, for Li, 

Na respectively ; radius of Bohr first circular orbit for 

hydrogen = 0-528 A.U. ; and z = effective nuclear charge 
inside core, which, assuming the series electron penetrates the 
outermost shell only, is 2 + i 3» 8 + 1=9 Li, Na 
respectively. If we make the necessary substitutions in the 
formula (18), we obtain 



Li s electron (/~o) 

Na s electron (/=o) 

Na p electron (/=i) 


0-39 

1*36 

085 


0*41 

1-37 

0*87 
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giving good agreement. Using equations (17), (18), it becomes 
possible to calculate term values of Li and Na from the quantum 
numbers n, L 

On the basis of the comparison between the spectral terms of 
alkali metals and of atomic hydrogen, it appears that the 
quantum defect measures the departure of the alkali metal 
terms from the hydrogen terms. (In the case of hydrogen, the 
separation in wave-numbers for given n and different I is so 
small that in making the present comparison it can be neglected 
altogether.) Since for w i, / ^ o only, it is concluded that 
the hydrogen electron in the ground state is correctly designated 
by IS. Higher states will be denoted by 2s, 2^, 3s, etc. Helium 
has two electrons, and general chemical considerations, apart 
from those derived from spectra which are also in agreement, 
would suggest that the ground state of helium corresponds to 
two s electrons in the n ^ i. group, or to is^. Similar con- 
siderations suggest that this group is closed at helium, and it 
will be found that it is a characteristic property of s electrons 
that a pair forms a completed group. At lithium, it has been 
observed that the ground state has 2s, so that the complete 
configuration will be 15^25. By the same reasoning, beryllium 
{Z = 4) will have two closed groups Analysis of the 

spectrum of the next element boron (Z = 5) shows that the 
ground state contains a 2^ electron, hence the configuration is 
'Ls^ 2 s^ 2 p, Further, it is found that up to neon the p group 
becomes filled, giving xs^ 2 s^ 2 p^ (Z 10). Sodium now 
resembles lithium by forming is^ 2 s^ 2 p^;^s (Z = ii). Similarly 
potassium, rubidium and caesium have electrons 4s, 5s, 65 
respectively in the ground states outside closed groups 
previously filled at the inert gas of one unit of atomic number 
less. (The rules as to the completion of groups forming s^, p^, 
^io,yi4 must be interpreted in the light of Pauli's principle (this 
Vol. : 64), and little emphasis is intended to be laid on them at 
this point.) The result of the present reasoning from spectra 
clearly indicates that all the alkali metals have an ns electron 
in ground states outside closed groups constituting the atomic 
core. 

A further important point concerning the serial quantum 
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number should be noticed here. A distinction is drawn between 
even and odd states depending on whether 2 / is even or odd. 
Thus, for sodium in its ground state 15225^2^*35, the sum is 
o + o + 6 + o = 6 (even), whilst in the excited state 
1522522^*3^, it is o + o 4-6 + i =^7 (odd). A simple rule 
then follows to the effect that transitions normally only occur 
between unlike (even and odd) states. Even and odd states 
are of special importance in molecular spectra. The symbols g 
(Ger. gerade) and u (Ger. ungerade) are widely used to denote 
even and odd states respectively. 

(D) Principal Quantum Numbers. It only becomes neces- 
sary to decide the principal quantum number n of the first 
member of an 5, p, ^,/ sequence of terms : the others will then 
follow as' consecutive integers. Returning to equation (17), if 
n ~ ^ is replaced by an effective principal quantum 
number,'" the wave-number of a term where 

is a purely experimental number and independent of theory. 
The values of for the first term of each of the four sequences 
of Li, Na, K, Rb, Cs are found to be as follows : — 



j 


Li 

Na 

K 

Rb 

Cs 

5 

1-59 

1-63 

1*77 

I *80 

1-87 

p 

1*96 

2*12 

2*23 

2*28 

2-33 

d 

3-00 

2-99 

2*85 

277 

2-55 

f. 

4*00 

4*00 

3*99 

3*99 

3 98 


It is observed that increase for 5 and p sequences from 
Li to Cs, corresponding to decreasing term numbers and firmness 
of binding, and that they decrease somewhat for d and / 
sequences, with increasing firmness of binding. 

The principal quantum numbers of first terms may then be 
chosen with the help of the following rules : (a) n shall be a 
whole number, not less than (since n == ju,) ; (b) n shall not 
be less than 2 for p, 3 for d, and 4 for /orbits (see 57C above) ; 
(c) regard shall be had to levels already filled within the atomic 
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core, the optical levels being numbered consecutively with the 
core levels of the same sequence of terms ; (d) notice shall be 
taken of the energy relations, comparison with the hydrogen 
sequence, and general chemical considerations raised by the 
periodic classification. 

With regard to (c) above, it is necessary to know something 
of core structure, as deduced later in Chapter XVIII. The 
highest levels filled within the atomic cores are : Li is ; Na 
2s, 2p ; K 3s, zP ; Rb zd, 4s, 4p ; Cs 4d. 5s, Zp- No/ electrons 
are involved. By the above rules, then, for s and p first terms, 
we shall take Li n = 2, Na 3, K 4, Rb 5, Cs 6. Such sequences 
will be expected to give diminished firmness of binding with 

Table r.I.— QUANTUM NUMBERS FOR FIRST TERMS OF SEQUENCES 
AND QUANTUM DEFECTS OF SEQUENCES FOR THE ALKALI 

METALS. 



ni 

H' 


Li 

Na 

K 

Rb 

Cs 

Li 

Na 

K 

Rb 

Cs 

A' 

20 

3o 

4o 

5o 

^0 

0*41 

1*37 

2-23 

3*20 

4*13 

P 

2l 

3i 

4i 

5i 

6 , 

0-04 

0-88 

177 

272 

3-67 

d 

32 

32 

32 

42 

52 

0*00 

o-oi 

0*15 

1-23 

2*45 

/ 

43 

43 

43 

43 

43 

O'OO 

O'OO 

O'OI 

o-oi 

0*02 


increasing principal quantum number by analogy with the 
hydrogen series. There are no d orbits in tlie cores of Li, Na, K, 
so the lowest possible « = 3 is taken ; Rb has zd, so the first 
optical term is 4d ; similarly, Cs has 5d as first terra. Since 
there are no / electrons, the lowest possible value « = 4 is 
taken throughout the group Li to Cs. In this way, remember- 
ing that the I values for s, p, d, f electrons are o, i, 2, 3 
respectively, we obtain the quantum numbers shown in 
Table LI. Using the fig’s given above, the /x’s for the sequences 
are calculated by the relation = n — (i. By the explanation 
already given, the fi’s are the same for all members of a given 
sequence of terms. 

The quantum defects decrease regularly from s to /sequences 
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and from Cs to Li. The /x’s of Li are all < i ; this explains tiie 
success of the procedure in 57B above. The m*s were chosen 
in Rydberg's formula (16) so that a< i, whence since w + a = 
n — fjL, and n was taken so that w = w + i, it follows that fi 

Hydrogen Terms Rjn.^ 


mtidi 
■•til . 




^•••r 






20 ,\ 

Wave -numbers (cm. 9 

Figure C. — ^The 5, p, d, f Energy Levels of Hydrogen and the Alkali 
Metals (Arc Spectra) . 

comes out as less than i for Li, in agreement with the present 
finding. It may be observed here that Rb 4^, 5^. . . and 
Cs 5^?, ()d. . . terms used to be called 3^?, ... , in violation 

of rule (c) above. It is evident that lowering by a fixed 
amount in a sequence does not affect the constancy of assigned 
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Figure C shows terms of the alkali metals, as compared with 
those of hydrogen. It is observed, for example, that the 2 p 
term of Li closely approaches the hydrogen n 2 term, 
suggesting a non-penetrating orbit, in agreement with the 
assigned 2 ^ (Bohr’s circular orbit 2^. The thick lines connect- 
ing terms of the same element having the same principal 
quantum numbers n illustrate the increasing approximation to 
the H terms (barred lines) with increasing serial quantum 
number from s to /, and decreasing penetration of the atomic 
cores. The dotted line marked s shows the decreased firmness 
of binding from 2S in Li to 6s in Cs, with increasing n. Similarly, 
the dotted line p shows the decrease in binding from 2p in Li 
(circular) to 6 p in Cs (elliptical), whilst that marked d shows 
the opposite effect on d terms already noticed (explained by 
Born and Heisenberg by polarization of the atomic core by the 
series electron, see below). The effect on /terms is too small 
to be shown on the scale adopted. 

Tate and Foote and others®^ have examined excitation and 
ionization potentials by the method of electron collisions (see 
Basis : 49). The result of this and other kindred work has 
been to confirm the term values obtained from spectra. 

The S, P, D, F series of the alkali metals are obtained by the 
following transitions : — 



Li 

Na 

K 

Rb 

Cs 

5 

3. 4, 5s. . 

. ->2P 

4 , 5 , 6 s. . . 

-*3P 

5 , 6 , 7s. . 


6 , 7 , 8 s. . . 

-*5P 

7 , 8 , QS. . 

-> 6 /> 

p 

2 , 3. 4P- . 

. -*2S 

3, 4, 5P. . 

->3S 

4, 5, Op. . 

->4S 

5, 0, 7p . . 

-*5s 

6 , 7 , Sp. . 

—► 6 s 

D 

3» 4, . 

. ->2P 

3. 4, 5d. . . 

-►3/» 

3, 4, 5d. . 

->4/> 

4, 5, Od... 

-*’5P 

5. 6 , 7d . . 

-*6p 

F 

4. 5, . 

. ->3‘^ 

4, 5, 6 /. . . 

-*3d 

4, 5, Of. . 

-*3d 

4. 5, Of . . . 

-*4d 

4, 5, Of . . 



Figure Cl shows the spectroscopic terms of the ionized atoms 
Be '’ to Ba+, where there is a single electron outside the atomic 
core carrying resultant charge -j-2. The resemblances pre- 
viously noted between the spectra of alkali metals and hydrogen 
are repeated between these spectra and that of ionized helium. 
Here the terms are, however, much more widely separated, and 
increasingly approximate from s to / sequences to the terms of 
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ionized helium given by Z^Rjn^ = ^Rjn^, so that the wave- 
number separations of terms are four times as great as the 
corresponding separations for atomic hydrogen. Alternatively, 


Singly Ionized Helium Terms 4R/7t^ 
71-2 3 ^5 67 



Figure CI. — The s, p, d, f Energy Levels of Singly Ionized Helium 
AND THE Alkaline Earths (Spark Spectra). 


Figure CI may be considered to represent the wave-numbers of 
the terms divided by 4, compared with the hydrogen terms. 
Departures from the ionized helium terms may be attributed to 
penetration of the core by the series electron. No stronger 
evidence in favour of the electronic hypothesis of atomic 
structure seems to be forthcoming than this possibility of 
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correlation of spectra of atoms with the spectra of ionized atoms 
of other elements. The lines in Figure Cl correspond to 
those of Figure C. 

It is observed that the term of Ca+ lies relatively much 
deeper than that of K, a circumstance whiph led Bohr to con- 
clude that the lowest energy level of Sc^ ^ would be a term. 
This has since been verified. A further interesting point is that 
the transition between and the ground state 4s of Ca+ is 
excluded by the selection rule for /, since it involves a change 
of two units. The 3^ state is therefore said to be metastable, 
and an electron in it cannot radiate energy without undergoing 
a collision to alter its serial quantum number. Similar remarks 
apply to 4d and 5^ of Sr*^ and Ba"^ respectively. 

The " self-consistent field '' mathematical method of 
Hartree®® previously mentioned has given the radial electron 
distributions of the alkali metals and their ions in the form of 
curves, on the basis of the new quantum mechanics (compare 
Figure LIII). Hartree has also calculated their quantum 
defects and energy terms in a number of cases, using a formula 
involving a power series. The radial distribution approaches 
the r axis asymptotically, and agrees approximately with the 
aphelion distance r (max.), equal for s orbits to 2 y*iaiill, where 
= 0*528 A.U., and I is the ionization potential of the 
atom. Hence, it becomes possible to correlate the quantum- 
mechanical and the orbital models to some extent, so that the 
latter may still be retained for working purposes. Thus, for 
Na, the 35 electron orbit corresponds to a straight line, 3^ to a 
penetrating ellipse, and ^d to a non-penetrating slightly 
deformed circle. The distinction between penetrating and non- 
penetrating orbits is naturally not absolute. No orbit can be 
regarded from the standpoint of the new quantum mechanics as 
perfectly non-penetrating. 

It has already been observed that the so-called non- 
penetrating orbits of d and / sequences for the alkali metals 
increase somewhat in binding energy from Li to Cs. This has 
been accounted for by Bom and Heisenberg, and others,®® in 
terms of polarization of the atomic core, the force of attraction 
between the two being thereby increased. The core is assumed 
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to be capable of deformation, an induced dipole being set 
up. 

If the electron is at a sufficient distance from the core, the 
field E = ejr^ produced by it in the vicinity of the core may be 
considered homogeneous. The case is investigated in Section 
(2) of the Appendix to Chapter XIV, where it is shown that the 
force exerted by the core on the radiating electron is given, in 
the case of an induced dipole, by —2ae^lr^, the potential being 
— ae^l 2 r^. Born and Heisenberg proceeded to express the 
constants Ui and a 2 in the Rydberg expression as modified by 
Ritz 


RZ^ 



(19) 


in terms of inverse powers of the azimuthal quantum number k. 
The values of the ratio ajai calculated for d and / term 
sequences of alkali metals and alkaline earths proved to be 
sufficiently near the empirical experimental values to justify 
the original hypothesis as to the effects of polarization fields in 
the case of non-penetrating orbits (see^’). 

It may be noted that Birge*^ has found an equation of type 
(19) suitable for the alkali metals : thus, it gave good agreement 
with ~0'i4434, ^2 == — 0*11303 for 37 terms of lines of 
the principal series of Na measured by Wood.®^ 

Deslandres®® has investigated the most intense lines of the 
alkali metal spectra, known as the raies ultimes. An example 
is provided by the first line of the principal series P. It is 
found that many of these wave-numbers can be expressed in 
the form cd, where c is generally a whole number, but some- 
times with added fractions, and is a constant frequency, equal 
to 1062*5 cm.^ Thus, for example, the first line of the prin- 
cipal series may be expressed as follows with considerable 
approximation : Li 14^?, Na i6rf, K T 2 \d, Rb i 2 d and Cs iid. 

Consideration of series spectra is here limited to the case of 
one valency electron. More complicated cases will come up 
for discussion later. For one electron, the serial quantum 
number I is equal to the total orbital quantum number L for 
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the whole atom, since the core contributes zero resultant 
angular momentum. In this way, the designation of terms 
shown on the right hand side of Figure XCIX are derived. An 
.s term becomes an S term, and so on. The small prefix, as in ^P, 
denotes that the terms belong to a doublet sequence, like those 
of H (sec ('hapter XVII). The principal quantum number is 
placed in front, as in 3^5. No notice has been taken of the 
fine structure in series spectra up to the present point. 

Some of the leading considerations put forward in this sub- 
section have been conveniently summarized by Sommerfeld 
{Atombau und Spektmllinien) , and may therefore be included 
here : — 

(i) The magnitude of a term measures the firmness of binding 
of the electron in the orbit concerned ; multiplied by A, it gives 
the accompanying work of removal ; 

(ii) The inner atomic field raises the firmness of binding ; 
each term of an element of a type unlike that of hydrogen is 
therefore greater than the corresponding hydrogen term of 
equal principal quantum number ; 

(iii) The raising of the firmness of binding is always small for 
non-penetrating orbits as compared with penetrating orbits ; 

(iv) For atoms of similar type in a vertical series of the 
periodic system, the increase of corresponding terms becomes 
greater for greater inner atomic fields, that is, with increasing 
atomic weight ; 

(v) The series of penetrating orbits are continued with 
decreasing principal quantum number into the region of con- 
stitutional electron orbits, completely in the interior of the atom, 
the energy of which orbits corresponds to known X-ray terms. 

(E) Enhanced Spectra and Isoelectronic Groups. The 

system of nomenclature adopted in this text is to refer to series 
of lines, sequences of terms, and isoelectronic groups. 

It may be noted that the term “ isoelectronic group is not 
used to connote the same as the usual '' isoelectronic sequence."' 
Isoelectronic groups have the same number of electrons, with 
the same s, p, d,f... configurations in the ground states. Thus 
Cal, Sell, Tilll . . . form an isoelectronic sequence, but not 
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an isoelectronic group, since Cal and Sell, for example, have 
different configurations in ground states. This brings the word 
'' group '' into line with the accepted meaning in the Periodic 
Classification, where atoms having the same configurations in 
ground states belong to the same group {e.g., IIA, VAg, VIIIC3, 
etc., in Table XIII of Vol. i, and Table LV of this VoL). 

The subject of enhanced spectra is introduced in Vol. i : 7B, 
where the usual symbolism is explained. Removal of one 
electron from an Mg atom, for example, gives the spark 
spectrum due to the ion Mg+ or Mgll, which should resemble 


Table LII.— DUT'USE AND P'UNJ)AMKNTAL TF.iaiS IN NjiI AND 

Mgll. 


Term 

Nal 

Mgll 

Msll/NaX 

11 



HcIJ 

n 

3 ^ 

12274-4 

1 

49773*4 i 

4 *055 

j2i86 

48705 

3 


6807*5 

'^ 7953*9 • 

4*053 

6«55 

27431 

4 

^d 

4^11 •() 

T7.S.H-8 

4*045 

43 f ^7 

i 755 '> 

5 

(yd 

3059 •« 

12364-0 : 

4-<>38 1 

1 

3047 

12 lot 

() 

4/ 

6858-6 ' 

27464-8 i 

4-004 

6«55 

27431 

4 

5 / 

4388-6 

17574-6 j 

4-005 

4387 

17556 

5 

(i/ 

3 ^^ 39-7 

I220()-() 1 

1 1 

4-014 

3047 

12I0t 

() 


that of the arc spectrum of a neutral sodium atom Na or Nal, 
there being one valency electron in each case. The electron of 
Na, when sufficiently removed from the core, may be con- 
sidered to move in a field of units of charge, like the H 
electron ; the electron of Mg similarly will move in a field of 
+2 units of charge like the electron of singly-ionized lielium 
He+. Accordingly, it follows from equation (4) that the wave 
numbers for the 7 Hd and mf terms of Mgll should be 4 times 
the empirical corresponding terms for Nal, putting === i 
and ^ 2. The justification of this assumption is shown in 
Table LII.21 

The ratio Mgll/Nal is observed to be almost exactly 4 as 
required by the theory for each corresponding term. Since the 
fields of the orbits concerned are practically hydrogen-like, 
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correspondence should be observed between terms of Nal and 
H and of Mgll and Hell. Inspection of the numbers given in 
Table LII shows this condition to be fulfilled. 

The relations between the terms of the four series of the 
periodic group Bell, Mgll, Call, SrII, Ball, together with 
those of Hell are shown in Figure Cl. The allotment of 
quantum numbers follows the principles already outlined. 
Levels lying towards the left of the diagram correspond to 
higher wave-number terms and greater firmness of binding. 

The importance of the deep '^d term in the spectra of Call, 
SrII and Ball (Figure Cl), which term becomes the ground 
state of the second spark spectra of ScIII, YIII and Lalll, in 
explaining the occurrence of the transitional elements by the 
process of inner building is fully discussed in Vol. i : 9. The 
deepest term of ScIII is 3^?,^® as Bohr predicted. By com- 
parison with the explanation given in the preceding section of 
the increased firmness of binding of first d terms with increasing 
nuclear charge, it is observed that the presence of transitional 
elements in the periodic classification can be traced back to 
increasing polarization of atomic cores by a non-penetrating 
series electron. 

An illuminating comparison is provided by the group Nal, 
Mgll,^ AlIII,^® and SilV.^^ In these cases, a single electron is 
associated with a net core charge of i, 2, 3 and 4 units, these 
being the appropriate values of in the modified equation 
(17) : The d and / orbits which surround 

the atomic core are drawn closer in as the net charge on the 
core increases. Therefore the firmness of binding increases 
more rapidly than for hydrogen-like fields, and the correspond- 
ing terms depart more widely from the hydrogen ideal as the 
core charge increases from Nal to SilV. With the penetrating 
orbits, however, corresponding to s and p sequences of terms, 
the difference between the attractive forces outside and inside 
the atomic core decreases as the net core charges increase ; 
the field inside more nearly corresponds to the field outside, 
which is the condition for closer approach to terms of the 
hydrogen type. Hence the firmness of binding is such that /x 
decreases with s and p terms and increases with d and / terms 
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from Nal to SilV. This is illustrated by the following table, 
which gives the quantum defects of the first terms of each of 
the four series for each member of the sequence Nal, Mgll, 

Aim, SiIV.2i 

The series was extended by Millikan and Bowen^^ |-q py^ 
SVI and CIVIL In general, it is found that for corresponding 
terms Na/i, Mg/4, AI/9, Si/16, P/25 and S/36 agree with the 
hydrogen terms best for d and /levels, and less well for s and/ 
levels where penetration into the inner system occurs.^® 

Table LIII.— QUANTUM DEFECTS FOR FIRST TERMS OF Nal, Mg]T, 

Aim, siiv. 


Spectrum 

Quantum Defect fM 



s 

P 


/ 

Nal 

1-3733 

0-8832 

0-01098 

0-001596 

Mgir 

I -0980 

«-7349 

0-03123 

0-003485 

Aim 

0-9258 

0-6301 

0-05074 

0-004315 

SilV 

0-8047 

0-5501 

i 

0-06496 

1 

0 -00.^456 

1 


It is also clear that the possibility might arise where the first 
few terms of a sequence correspond to non-penetrating orbits 
and later terms with penetrating orbits. Such a case has been 
found by WentzeP® for the P sequence of mercury. The 
successive values of the quantum defect are 0-09,. o-o8, 0-13, 
0*48, 0*90, 0*98, 1*00, 1*01. . . . The first terms are closely 
hydrogen-like, but there is a sharp break between the third and 
sixth terms indicating the commencement of orbits penetrating 
into the interior of the core Hg’^'^. Wentzel has reported other 
examples of this rather curious effect. 

Equation (17) may be written in the form largely used in 
connection with X-ray spectra — 



from which it is seen that levels of the same principal quantum 
number n should give parallel lines when (FIR)* is plotted 
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against Z (see Vol. i : 8). Parallel lines are obtained for 2s, 2^, 
for 3s, yp, and for 4s, 4^, 4^,4/ terms of isoelectronic groups, 
but the slopes within each parallel sot are different, being given 
very approximately by i/;i, as theory requires. 

(F) Broadening and Displacement of Lines. (a) Doppler 
Effect. The lines of a spectrum are generally not sharp, 
but diminish in intensity gradually on botli sides of a maximum. 
One of the most important causes of this may be found in the 
Doppler liffect, according to which the frequency of emission 
may be affected by the velocity of movement of the emitter. 
In tlie distribution of velocities amongst the molecules of a gas 
according to the kinetic theory, molecules having relatively 
l)igh speeds may produce considerable diffuse structure of lines. 
In hydrogen, the Doppler Effect is the chief experimental 
obstacle in the resolution of the fine structure of the Balmer lines. 

The red-shift of lines, emitted by certain galaxies outside the 
Milky Way, observed by Hubble^^ has been interpreted in 
favour of the theory of an expanding universe. 

(b) Naliiral Breadth of Lines. It is well known in electro- 
magnetic theory that a vibrating electric charge is continually 
damped by emission of radiation. This is associated with 

natural breadth '' of lines, but the result is smaller than that 
produced by the Doppler Effect, and may often be neglected 
in comparison with it.* 

(c) Collision Damping. If, during the time an atom is 
absorbing or emitting radiation, it undergoes collision with 
another atom elastically, the radiation may be considerably 
affected. This may be held partly responsible for the observed 
influence of admixture with foreign gases, and of changing 
pressure. Tlie effect of foreign gases has been investigated by 
Margenau,^^ and by Amaldi and Segre,^® who studied the 
displacement of high terms of the absorption series of sodium 
and potassium by the action of hydrogen^ nitrogen, helium and 
argon. The effect was found to be proportional to the con- 
centration of the foreign gas. The results have been discussed 
by Fermi.^^ The influence of hydrogen on the spectrum of NI 

* A better explanation of natural breadth is given in terms of Heisenberg's 
uncertainty principle (Vol. 3 : 53). 


512 



XVI 57^*^] SERIES SPECTRA OF THE ALKALI METALS 

has been examined by Sef^rian.®® Gossler and Kundt^ have 
examined the influence of heliumy neoUy argon and nitrogen on 
the displacement and asymmetry of the A = 3612 A.U. line of 
ccesuim (see also With regard to the effect of pressure, 
Yuasa^^ has attributed the wave-length shifts of spectral lines 
of antimony to increasing pressure, larger shifts being observed 
for lines involving terms of larger quantum numbers. A study 
of the Balmer series at high current density by Finkelnburg^® 
under 30 atmospheres pressure has revealed that the lines may 
become so broadened that an almost completely continuous 
spectrum results. The result is associated by the author with 
the Stark Effect (see following sub-section). A summary is due 
to Margenau and Watson.^® 

(d) Stark Effect. When an arc of high current density is used 
in producing a spectrum, ions may be produced whicli on 
collision with other atoms give rise to strong electric fields and 
to consequent broadening of emitted lines. Molecules having 
dipole or quadrupole moment may act in a similar way. 

A good summary on the broadening of spectral lines is provided 
by Weisskopf.^^ Recent theoretical treatment of the subject 
is due to Fermi,^’ Lenz,®^ Jensen^® and Kuhn and London. 

(G) Spectroscopic Chemical Analysis. The discovery of 
helium in the sun by means of the yellow line occurring near to 
the Na-D line (first line of the principal series of Na) by Jannsen 
in 1868 is an outstanding illustration of the importance of 
spectrum analysis. The more recent discovery of heavy 
hydrogen provides another example. The detection and 
estimation of substances is often more conveniently accom- 
plished by spectrographic than by chemical methods, and the 
results are not infrequently of greater accuracy, especially in 
the determination of small traces of foreign substances. The 
general method depends upon the accuracy with which the 
intensities of spectral lines can be measured. Reference may be 
made to the work of Gerlach®® and Schweitzer.®® 

A simple spectroscopic method for testing gases for the 
presence of helium is described by Angerer and Funk.®^ In the 
quantitative analysis, the following accuracy is obtainable : 
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Hg in He, 0*07% ; He in Hg, o-8% ; Hg in A, 0*5^0 ; A in 
Hg, 1*0%. “ Methods available for the spectroscopic analysis 
of gas mixtures have been summarized by Gatterer.^® 

The estimation of metals in solution by means of spark 
spectra is considered by Twyman and Hitchen,®® various 
improvements having been introduced. An ingenious method, 
due to Lundegardh,®^ in which a spray of solution is injected 
into an acetylene flame, may be noticed. It is found that 
concentrations of small quantities of potassium may be found 
by this method. Riedl®^ has described methods for the deter- 
mination of small quantities of arsenic, antimony and tellurium 
in solution. 

The analysis of steels may be carried out with a direct vision 
spectroscope using a condensed spark method. Further 
methods have been described for the estimation of Sn, Sb and 
Cd in Pb alloys,®^ Pb in Sn,®® Ni, Mg, Ca in Pb,®® Cd, Pb and 
Fe in Zn,®® Cd, Sn, Zn, Al, Ba, Ca, Mg, Ge, Au in Cu,®^ Si in 
alloys containing a large proportion of Al,®® minute amounts of 
As and Te in metals,®^ and of traces of impurities in Pt.®® The 
use of the negative glow of the arc in estimating Hg, Fc, 
Sc, Ga, Ge, Be, Pb, Cd, Al is recommended by Mannkopff and 
Peters.’® Amy’^ finds that foreign elements in metals may be 
detected by photographing the spark between the metal 
electrodes for several successive seconds, the method depending 
on differences in volatility of the components. Schleicher’^ has 
outlined tlie available principles in electrolytic and spectro- 
graphic methods of determination of traces of impurities in 
metals. The analysis of alloys is discussed by Brownson and 
Someren,’® methods being given for brass and lead alloys. 

Amongst other possible applications may be noted : — 
estimation of Cr in ruby,"^^ Pb’® and Cd’® in ZnO, and Au in ores, 
Au-Ag electrodes, and mixtures of salts and oxides.” A quan- 
titative study of the precipitation of cations with BaS04 by the 
spectroscopic method has shown that Ca and Sr may be 
adsorbed by the precipitate, but not Be, Mg or Zn, in accordance 
with the principle that adsorption occurs on polar crystals only 
by ions which form sparingly soluble compounds with the 
oppositely charged lattice ions (in this case, SO4).’® 
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Many authors claim that their spectroscopic methods are 
more rapid and more accurate than chemical analysis. 
WaibeP® has outlined the theory and practice of analysis by 
flame and spark spectra. Pfeiffer and Limmer®® have also 
given an account ^f available methods, whilst Duffendack, 
Wolfe and Smith,®^ in another summarizing paper, have paid 
special attention to possible increase in precision. 

REFERENCES (XVl). 

{A list of abbreviations used in references will be found on pages xxxi et seq.) 

The Basis of Modern Atomic Theory : C. H. Douglas Clark (Methuen & Co.) 
Introduction to Atomic Spectra : H. E. White (McGraw Hill Book Co.). 
Atomic Spectra and Spectral Lines: A. Sommerfeld (Methuen & Co.). 
The Structure of Line Spectra ; L. Pauling and S. Goudsmidt (McGraw 
Hill Book Co.). 

Seriengesetze der Linienspektren : F. Paschen and R. Gotze (Julius 
Springer, Berlin). 

^ (p. 477). N. Bohr: “On the constitution of atoms and molecules”; 

P.M., 1913, (vi.) 26, 1-25, 476-502, 857-875. 

2 (p. 478). W. Wilson : “ The quantum theory of radiation and lino 

spectra ” ; P.M., 1915, (vi.) 29, 795-802. 

® (p. ^178). A. Sommerfeld: “ Zur Quantentheorie der Spektrallinien ” ; 

A.P., 191O, (iv.) 51, 1-94. See also references 13, 20. 

^ (p. 478). A. Sommerfeld : “ Grundlagen und Ziele der Bohrschen 

Theorie von Atomen und Spektrcn ” ; Z.E., 1920, 26, 258- 
260. 

K. C. Kar ; “ Die Theorie der intermittierendcn Wirkung und 
die Serienspekten ” ; Z.P,, 1929, 57, 416-428. 

V. DolejSek and K. Pestrecov : “ Die Bestimmung dcs 

Niveau verlaufes im periodischen System aus den Werten der 
achten Gruppe ” ; P.Z., 1929, 30, 898-899. 

^ (p. 480). J. J. Balmer : “ Notiz iiber die Spectrallinien des Wasser- 

stoffs ” ; A.P., 1885, (iii.) 25, 80-87. 

* (p, 481). W. Ritz : “ Ober ein neues Gesetz der Sericnspektren ” ; P.Z., 

1908, 9, 521-529. 

^ (p. 481). N. Bohr, A. Fowler : “ The spectra of helium and hydrogen ” ; 

N., 1913, 92, 231-233. 

A. Fowler: “Series lines in spark spectra”; P.T., 1914, 
A214, 225-266; P.R,S., 1914, A90, 426-430; N., 1914, 
93, 145-146. See also Reference No. 41. 

515 



THE FINE STKUCTUKE OF MATTEK [xvl 

(A list of abbreviations used in references ivill be found on pages xxxi et seq.) 

® (p. 482). W. V. Houston: “A spectroscopic determination of 

P.R., 1927, (ii.) SO, G08-613. 

® (p. 482). H. C. TJrey, F. G. Brickwkddk and G. M. Murriiv : “ A 

hydrogen isotope of mass 2 and its concentration ” ; P.R., 
{»■) ^ 0 , 115. 

(p. 482). L. J'ARKAS : “ Hie sell were Wasserstoffisotop " ; A. IF., 1934, 
22 , 614-O23, G40 (>46, 658-6O2. 

H. C. Urey and (h K. Teal : “ The hydrogen isotope of atomic 
weight two " ; U.M.P., 1935, 7, 34 -94. 

(p. 483). A. Unsold : “ t)her die } 3 almerserie dcs Wasserstolfs im 

Sonnenspektrum ” ; Z.P., 1930, 69, 353 - 377 . 

(p. 484). N. Bohr : " Chemistry and the quantum theory of atomic 

constitution " ; J.C.S., 1932, (i), 340 -384. 

(p. 484). F. 1 'aschen : “ Bolirs Heliumlinien ” ; A.P., 1916, (iv.) 50, 
goi-940. Sec Reference No. 20. 

** (p. 484). G. Hansen: “Die Feinstruktur der Balmerlinien “ ; A.P., 
1925, (iv.) 78, 558-600. 

i"' (p. 484). R. C. Williams and R. C. Gibbs : “ Fine structure analysis 
of IB and IP “ ; P.R„ 1934, (ii.) 45, 475-479. 

(p. 484). W. V. Houston and Y. M. Hsieh : “ The fine structure of the 
Balmcr lines “ ; P.R,, 1934, (ii ) 2 Gy- 2 y 2 . 

(p. .|88). J£. Gehrcke : “ Neuerc Ergebnisse der Feinstrukturforschung"; 

P.Z., 1925, 26 , 675-677. See also Reference No. 14. 

(p. 488). A. SoMMERFELD and A. Unsold : “ t)bcr das Spektrum des 

Wasserstolfs “ ; Z.P., 1926, 36, 259- 275 ; 38, 237-241. 

(p. 488). N. A. Kent, I^. B. Taylor and H. Pearson : “ Doublet 

separation and fine structure of the Balmer lines of hydrogen”; 
P.R., 1927, (ii.) 30, 266-283. 

G. N. l.EWis and V. H. Spedding : “ A .spectroscopic search 
for H® in concentrated H- ” ; P.R., 1933, (ii ) ^3, 964-966. 

F. H. Spedding, C. D. Shane and N. S. Grace : “ Fine struc- 
ture of alpha ” ; P.R., 1933, (ii ) 5 ^- 

(p. 488). F. Paschen : “ Die relativistische F'einstriiktur von Spek- 

trallinicn ” ; A.P., 1927, (iv.) 82 , 689-696. 

(p. 488). P. D. Foote : “ Spectro.scopy and Bohr’s theory of atomic 
structure, 1924, 198, 344-363 ; 516-540. See also 

Paschen and Gotze’s book (heading). 

““ (p. 489). A. Einstein: “ Zur Quantentheorie der Strahlung ” ; P.Z., 
1917, 18, 121-128. 

(p. 489). A. Rubinowicz : “ Bohrsche Frequenzbedingung und Erhalt- 
ung des Impulsmomentes ” ; P.Z., 1918, 19, 441--445 ; 

465-474- 

516 



HEFERENCES 


XVl] 

2^ (p. 489). C. N. Wall : “ The selection principle : a development based 
upon the Stokes-Thomson pulse theory"; P.M., 1924, 
(vi.) 48, 378-383- 

2^ (p. 490). J. K. Rydberg : " Sur la constitution des spectres lineaires 
des elcmients chimicpies " ; R., 1890, 110, 394-397. 

Idem: ‘‘*Ober den Ban der Linienspektren der cheniische 
Grundstoffe " ; Z.P.C., 1890, 5, z'li-'iyi. 

2® (p. 490). C. Runge ; " On the harmonic series of lines in the spectra of the 
elements"; B.A.R., 1888, 576-577. 

2’ (p. 490). W. Ritz : " Zur Theorie der Serienspektren " ; A.P., 1903, 
(iv.) 12, 264-310. 

Idem: " t)ber ein neues Gesetz der Serienspektren"; P.Z., 
1908, 9, 521-529. 

E. h'uES : " Die Berechnung wasserstoffunahnlicher Spektren 
aus Zentralbewegungen der Elektronen " ; Z.P., 1922, //, 

364-378. 

(p. 490). (‘0 M. Hicks : " A critical study of spectral series. I. 'L'he 

alkalies, H and He " ; P.T., 1911, A210, 57-111. 

(b) Idem : " II. The p and .s sequences and the atomic volume 
term " ; P.T., 1913, A 212, 33-73. 

(c) Idem : "III. The atomic weight term and its import in the 
con.stitution of spectra " ; P.T., i<)i4, A213, 323 -420. 

(d) Idem : " IV. The structure of sjiark spectra " ; P.T., 1918, 
A217, 301-410. 

(e) Idem: " V. The spectra of the monatomic gases " ; P.'I\, 
1920, A220, 335-468. 

2® (p. 490). G. Wentzel : " Zur Rydbergsehen Termformcl und iiber eiiien 
von ihr abweichenden Serientypus " ; Z.P., 1923, 19, 53- 06. 

(P- 497)- N. Bohr: "Atomic Structure"; iV., 1921, 107, J04-107; 
108, 208. 

Idem: "Die Bau der Atome und die physikalischen und 
chemischen Eigenschaften der Elemente " ; Z.P., 1922, 9, 1-67. 

Idem : " The structure of the atom ; N., 1923, 112, 29-44. 

Idem: " tJber die Anwendung der Quantentheorie auf den 
Atombau. I. Die Grundpostulate der Quantentheorie " ; 
Z.P., 1923, 13, 117-165. 

Idem: "Linienspektren und Atombau"; A.P., 1923, (iv.) 
71, 228-288. 

Idem: "The effect of magnetic and electric fields on spectral 
lines ” ; P.P.S., 1923, 35, 275-302. 

(p. 499). E. ScHRODiNGER : " Versuch zur modellmassigen Dcutung 

des Terms der scharfen Nebenserien " ; Z.P., 1921, 4, 347-354. 

A. T. VAN Urk : " Die Normalbahnen des Serieselektrons der 
Alkalien " ; Z.P., 1923, 13, 268-274. Sec also Reference 
No. 29. 


517 



THE FINE STRUCTURE OF MATTER [XVI 

(A list of abbreviations used in references will be found on pages xxxi et seq.) 

(P- 499 )- E. B. Wilson ; ** Wave functions for the ground states of 
lithium and three-electron ions ” ; C.P.J., 1933, 1, 210-218. 

(P- 499 )- L- Pauling : *' The theoretical prediction of the physical 

properties of many-elcctron atoms and ions. Mole refraction, 
diamagnetic susceptibility and extension in space ” ; P.R.S., 
1927, A114, 181-211. 

(P- 5^4)* J- T. Tate and P. D. Foote : Resonance and ionization 

potentials for electrons in sodium vapour"*; J.W., 1917, 

517-525- 

Idem : ** Resonance and ionization potentials for electrons in 
metallic vapours "* ; P.M., 1919, (vi.) 36, 64-75 ; 

1918, 14, 479-486. 

Idem : ** Resonance and ionization potentials for electrons in 
cadmium, zinc and potassium vapours'"; P.N.A., 1918, 
4, 9-10. 

F. Horton and Ann C. Davies : Critical electron energies in 
hydrogen ” ; P.M., 1923, (vi.) 46, 872-896. 

H. Jones and R. Whiddington : The energy losses of 

electrons in hydrogen " ; P.M., 1928, (vii.) 6, 889-910. 

Idem : ” On the passage of electrons through hydrogen at low 
pressures"; P.L.P.S., 1928, 1, 239-241. 

E. G. Dymond and E. E. Watson : " Electron scattering in 
helium"; P.R.S., 1929, A122, 571-582. 

F. Jv. Arnot : " Electron scattering in mercury vapour " ; 

P,R,S., 1929, A 125, G60-669. 

E. Kudberg ; " Energy losses of electrons in nitrogen " ; 

P.R.S., 1930, A 129, 628-651. 

Idem: " Single collisions of electrons in nitrogen " ; N., 1930, 
126, 165-166. 

Idem: "Energy losses of electrons in carbon monoxide and 
carbon dioxide " ; P.R.S., 1930, A 130, 182-196. 

(p- 5<^6). D. R. Hartree ; "The wave mechanics of an atom with a 
non-Coulomb central field"; P.C.P.S., 1928, 24, 89-110, 
111-132, 426-437; 1929, 25, 315-322. 

J. Hargreaves : " Some calculations relevant to the quantum 
defect in the extended Ritz formula " ; P.C.P.S., 1929, 

315-322. 

(p. 506). M. Born and W. Heisenberg : " t)ber den Einfluss der 

Deformierbarkeit der lonen auf optische und chemische 
Konstanten. I " ; Z.P., 1924, 23, 388-410. 

D. R. Hartree : " Some relations between the optical spectra 
of different atoms of the same electron structure. I. Lithium- 
like and sodium-like atoms " ; P.R.S., 1924, A 106, 552-580. 

E. Schr5dinger : " Die wasserstoff3.hnlichen Spektren vom 

518 



xvi] 


REFERENCES 


Standpunkte der Polarisierbarkeit des Atomrumpfes ’* ; 
A.P., 1925, (iv.) 77, 43-70. 

A Unsold ; ** t)ber die Termgrossen der Serienspektren ** ; 
Z.P., 1926, 36, 92-100. 

(Miss) B. SwiRLES : “The polarisabilities of atomic cores”; 
P.C.P.Si., 1926, 23, 403-41 1. 

(P- 507). J. H. VAN Vleck and N. G. Whitelaw : ” The quantum defect 
of nonpenetrating orbits, with special application to A1 II ” ; 
P.P., 1933, (ii) 44, 551-569. 

(p. 507). H. Deslandres : ” Propri^tes des s6ries et raies anormales 
dans les spectres atomiques “ ; R., 1930, J 90 , 1250-1254, 
1579; i5i, 7-11. 

Idem: ” Raies ultimes des corps alcalins et alcalino-terreux ” ; 
i?., 1930, 169-173. 

(p. 510). R. C. Gibbs and H. E. White : ” Doublets of stripped atoms 
of the potassium type ” ; P.N,A., 1926, 12, 448-451. 

Idem: “Stripped atoms of the first long period”; P.N.A., 

1926, 12 , 598-601. 

S. Smith : “A note on the spectrum of doubly ionized 
scandium ” ; P.N.A., 1927, 13, 65-67. 

IT. N. Russell and R. J. Lang : “ On the spectra of doubly 
and trebly ionized titanium (Tilll) and (TilV) ” ; A.J., 

1927, 66 , 13-42. 

(p. 510). F. Paschen : “ Die Funkenspektren des Aluminium ” ; A.P., 
19-M* (iv.) 71, 142-161 ; 537-561. 

(j). 510). A. Fowler : “ The series spectrum of trebly-ionized silicon 

(SilV)”; P.R.S., 1923, A103, 413-429. 

(p. 51 1). I. S. Bowen and R. A. Millikan : “ The scries spectra of the 
stripped atoms of phosphorus (PV) sulphur (SVI) and chlorine 

(Civil)”; P.R., 1925 . (ii.) 25, 295 - 305 . 

(p. 51 j). S. Dushman ; “ lane spectra and the periodic arrangement of 
the elements ” ; C.R., 1928, 5, 109-171. 

A. A. Noyes and A. O. Beckman : “ The structure of atoms as 
a periodic property and its relation to valence and ion- 
formation ” ; C,R., 1928, 5, 85-107. 

(p. 512). E. Hubble : “ A relation between distance and radial velocity 
among extra-galactic nebulse ” ; P.N.A., 1929, 15, 168--173. 

M. I.. Humason : “ The large radial velocity of N.G.C. 7619 ” ; 
ibid., 167-168. 

F. ZwicKY : “ On the red shift of spectral lines through inter- 
stellar space ” ; ibid., 773-779 ; P.R., 1929, (ii.) 33, 1077. 

H. P. Robertson : “ On relativistic cosmology ” ; P.M., 1928, 
(vii.) 5, 835-848. 

R. C. Tolman : “ On the astronomical implications of the de 
Sitter line element for the universe A 1929, 69, 245-274. 

519 



THE FINE STRUCTURE OF MATTER [XVI 

(/i list of abbreviations used in references will be found on pages xxxi et seq.) 

H. Weyl : “ Red shift and relativistic cosmology " ; P.M., 
1 030, (vii.) .9, 93^^943* 

J. H. Jeans: “ Heyond the milky way"; N., 1931, 12S, 
825-832. 

(p. 512). H. ]VL\rgenau : "Pressure broadening of spectral lines"; 

P.R., 1932, (ii.) 40, 387-408; 1933, (ii.) 43, 129-134 ; Z.P., 

1933. 86, 523-529. 

Idem, with \\'. W. Watson : " Pressure effects on spectral 

lines " ; R.M.P,, 1936, 8, 22-53 ; P.R., i933. (ii-) 44, 92-98, 
931- 934- 

''® (f). 512). K. Amaldi and E, Segr6 : " Effect of pressure on high terms of 
alkaline spectra"; N., 1934, 133, 141 ; N.C., 1934, 

145-156. 

(p. 513). : " Sopra lo spostamento per pressione delle righe 

elevate delle serie spettrali " ; N.C., 1934, ^ 157-166. 

(p. 513). fldssLER and H. 1C. Kundt : " Druckverbreiterung und 

Druckverschiebung beim vierten Glied der Casiumhaupt- 
seric " ; Z.P., 1934, 80, 63-67. 

(p* 5*3)* • Yuasa : " Wave-length shifts of the spectral lines of Sb due 

to the change of pre.ssurc " ; S.R.T., 1934, 57“72. 

(p. 513)- W. Finkelnburg : " lachtanregung und Emission im Wasser- 
stoffunken bei erh6htem Druck " ; P.Z., 1932, 33, 888-889. 

(p. 513). V. Weisskopf : "Die Breitc der Spektrallinien in Gasen " ; 
P.Z., 1933, 84, I 24. 

(p. 5E3). • Etcnz : " Allgemeine Theoric der Verbreiterung von 

Spektrallinien " ; Z.P., 1933, 80, 423-447. 

(p. 5E3). Jensen : " Ober cinige fur der Druckverbreiterung von 

Spektrallinien wichtige Intcgralc " ; Z.P., 1933, 80, 448-450. 
(p. 5^3). Kuhn and F. 1-ondon : " Idmitation of the potential theory 
of the broadening of spectral lines " ; P.M., 1934, (vii-) 18, 
083-987, 987- I 003. 

(p. 5^3). Gerlach : " Zur Fragc der richtigen Ausfiihrung und 

Deutung der quantitativen Spektralanalyse " ; Z.A., 1925, 
142, 383-398. 

(p. 513). t*'. Schweitzer : " Fine absolute Methode zur Ausfuhrung der 

quantitativen ICmissionsspektralanalyse " ; Z.A., 1927, 164, 
127-144. 

(p- 513)- E. V. Angerer and H. Funk : " Untersuchung von Erdgasen 
auf Heliumgehalt " ; Z.P.C., 1933, B20, 368-374. 

(p. 514). F. Klauer : " Zur quantitativen Spektralanalyse von Gas- 

gemischen " ; A.P., 1934, (v.) 20, 145-160. 

(p. 514). A. Gatterer : "Zur quantitativen Spektraluntersuchung 
Gasgemischen " ; P.Z., 1932, 33, 64-73. 

520 



xvi] 

(p- 514)- 

“ (P-514)- 

(P.5T4). 
“ (P- 514)- 

(P- 514)- 

““ (P- 514)- 
” (P- 5M)- 
" (P- 514)- 
(P- 514)- 
*” (P- 514)- 

(P- 514)- 

” (p. 514). 

” (P-514). 
” (P- 514)- 

(P-SH). 
” (P-514)- 

’• (P-514)- 

" (P- 514)- 


BEFEKENCES 

F. Twyman and C. S. Hircin-iN : " I''slimalion of inelals in 
solution by means of their spark spectra " ; P.R.S., 1931, 
A 133 , 72-92. 

H. Lundegardh : “ Nciie Bcitragc ziir Methodik dcr (juan- 
titativen chemischcn Spektralanalyse ” ; Z.P., 1930, 66 , 

109-118. 

Illsk Kteut. 1 liber den Nachweis von Antimon, Arsen imd 
Tellur” ; Z.A., 1932, 209 , 356 363. 

W. Kraemer : ” Bcitragc zur Spektralanalyse mit Hilfc von 
Kmpfindlichen in dem der Glasoptik zuganglichen Gebiet 
liegenden Linien ” ; Z.E., 1931, 37 , 862-874; 1932, 3 S, 
51-53- 

D. 'M. Smith : ” The spectrograph ic assay of some alloys of 
lead ” : J.M., 1931, 46 , 114-128. 

Idem: “Demonstration of the use of the spectrograph in 
metallurgical analysis”; T.O.C., 1930-1, 32 , 78-83. 

W. Settii and E. Hofer : “ Beitrage zur quantitativen optischen 
Spektralanalyse ” ; X.E., 1034, 313 322. 

D. M. Smith : “ The spectrographic determination of cadmium, 
lead and iron ” ; F., r93o, 26 , 101-118. 

K. Breckpot and A. Mevis : “ lltudcs d’analyse spectrale 

quantitative ” ; A.S.ll., 1034, E 54 , 99-119. 

H. Trichk : ” Analyse spectrographique quantitative : applica- 
tion au silicium ” ; 7 ^, 1934, 4n)-42i. 

\V. Gerlach and JClse Riedl : “ Spektralanalytische und 

elektrischc Untersuchimgcn an reinstem Platin ” ; P.Z., 1933, 
34 , 51O-522. 

K. Mannkopf and Cl. Peters : “ tiber quantitative Spektral- 
analysc mit Hilfc der negativen Glimmschicht im Licht- 
bogen ” ; Z.P., 1931, 70 , 444 433- 

T.. Amy : “ Sur la recherche par I’analyse spectrale des elements 
ctrangers dans un metal ” ; R., 1930, 191 , 1040-1050. 

A. Schleicher : “ Qualitative Analyse durch Elektrolyse und 
Spektrographie ” ; Z.E., 1933, 39 , 2-7. 

H. W. Brownsdon and E. H. S. van Someren : ” Application 
of the spectrograph to the analysis of non-ferrous metals and 
alloys ” ; J.M., 1931, 46 , 97-113. 

J. Papish and W. J. O’Leary : “ Arc spectrographic deter- 
mination of chromium in rubies ” ; I.E.C., 1931, 3 , 11-13. 

A. Iwamura ; “ Quantitative spectrum analysis ” ; K.C.S.M., 
1931. A 14 , 43-54- 

Idem: Parts III, IV of above; K.C.S.M., 1931, 14 , 327-331. 

332-335. 

Idem: Parts V, VI, VII, VIII of above ; K.C.S.M., 1932, A 15 , 
355-358. 359-363. 365-370. 371-372. 

521 



THE FINE STRUCTURE OF MATTER [XVI 

{A list of abbreviations used in references will he found on pages xxxi et seq.) 

(p* 514)* L. Waldbauer and E. St. C. Gantz : “ Quantitative spectro- 
graphic studies of co-precipitation. II. Group II elements 
with barium sulphate"; I.E.C., 1933, 5, 311-313. 

(p- 515)* r'- Waibel : " Entwicklung und Stand der quantitativen 

Spcktralanalyse. Physikalische Grundlagen und Vcr- 
fahren " ; Z.M., 1923, 25» 6-12. 

”” (p- 515)* Pfeiffer and G. Limmer : " Spektralanalyse von Metallen. 

Quantitative Analyse. I, IT"; A.T.M., 1933, vol. 30; 
1934. vol. 31. 

(P- 5 ^^ 5 )* O. S. Duffendack, R. A. Wolfe and R. W. Smith : " Quan- 
titative analysis by spectroscopic methods": I.E.C., 1933, 5, 
226-229. 

(P- 5 ^ 7 )- P- T. Birge : " Formulae for the spectral series for the alkali 
metals and helium " ; A.J., 1910, 32, 112-124. 

(p- 507) • P- Wood : " The complete Balmer series in tlie sodium 
spectrum " ; A.J., 1909, 29, 97-100. 

C. Fuciitbauer and F. GSssler : " Verschiebung und unsym- 
metrische Verbreiterung von Absorptionslinien durch Fremd- 
gase " ; Z.P., 1933 . S7, 89-104. 

(P‘ 513)* M. Kulp : " Zur Deutung der Verbrcitcrungseffekte an Spektral- 
linicn durch Fremdgaszusatz " ; ibid., 245-254. 

®'"’ (P- 513)- S 6 f 6 rian ; Sur le spectre de I’azote atomique (NI) dans 
I’ammoniaque et les melanges d'hydrog^ne et d’azote " ; R., 

1934. 358-3t><L 


522 



CHAPTER XVII 


THE MULTIPLE STRUCTURE OF LINES 
58. The Spinning Electron 

Attention is directed in the present chapter to problems 
raised by the fine structure of spectral lines observed using a 
high degree of resolution. It may be expected that such 
multiplicity will correspond to multiplicity of terms, which 
by intercombination give rise to lines having small frequency 
differences. The fine structure of the atomic hydrogen lines, 
introduced in this Vol. : 55, has been discussed in tlie light of 
SommerfekVs relativistic hypothesis of its origin. Altliough 
the fundamental conclusion of this theory, that for every level 
of principal quantum number n there are n subsidiary levels 
designated by different azimuthal (or serial) quantum numbers, 
is found insufficient completely to explain the experimental 
data, it nevertheless remains as a result of great importance, 
and by a simple addition explained in this chapter, it passes over 
into the new and more adequate theory. When the spectra of 
the alkali metal atoms, having one valency electron, are con- 
sidered, it is again found necessary to suppose that for each 
principal quantum number n there are n subsidiary levels and 
corresponding terms (this Vol. : 57B). There is one important 
difference, however, in that, whereas the terms of hydrogen for 
given n are very close together, so that the lines involved may 
be treated from the standpoint of fine structure,” the terms 
of the alkali metals for given n are relatively widely separated, 
and intercombinations give rise to the 5 , P, D, F series and not 
to fine structure. In the case of the alkali metals, however, fine 
structure is also observed, so that both for them and for 
hydrogen some further explanation seems required. It is found 
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to be a general phenomenon for all atoms and ions that their 
spectra show multiplicity of lines and corresponding terms, 
which in some cases turns out to be exceedingly complex. 
Some of the results have been discussed in Vol. i : 7. 

Consideration of the hyperfme structure of lines, which 
theory ascribes to the influence of the* atomic nucleus, is 
deferred to Vol. 3 : 34, in connection with the theory of 
nuclear structure. 

The presence of multiplicity in spectra requires the addition 
of a new degree of freedom for the electron. It was originally 
supposed to arise in connection with the angular momentum of 
an electron in its orbit in relation to that of the atomic core : 
thus the electron might be rotating in its orbit in the same sense 
as or in the opposite sense to the direction of rotation of the 
rest of the atom. Heisenberg,^ measuring the rotation of the 
core by the number + 1, gave the electron corresponding values 
I, ±:;, ±r:. . . for 5 , P, D. . . series respectively, and thus 
attempted to account for the multiplicity of terms and their 
'' anomalous Zeeman effect. It was pointed out by Breit,^ 
however, that the hypothesis involved difficulties, partly in 
reference to sign. The theory of the spinning electron has 
greatly clarified the situation. The idea of a quantized electron 
spin appears first to have been put forward by Compton,^ the 
conception being applied by Uhlenbeck and Goudsmit^ and 
Bichowsky and Urey® to multiplicity problems. A spinning 
electron has magnetic moment, on account of which it ‘‘ will be 
acted upon by a couple just as if it were placed at rest in a 
magnetic field. . . , This couple will cause a slow precession 
of the spin axis, the conservation of the angular momentum of 
the atom being ensured by a compensating precession of the 
orbital plane of the electron. This complexity of the motion 
requires that, corresponding to each stationary state of an 
imaginary atom, in which the electron has no spin, there shall 
in general exist a set of states which differ in the orientation of 
the spin axis relative to the orbital plane, the other 
characteristics of the motion remaining unchanged. If the spin 
corresponds to a one-quantum rotation, there will be in general 
two such states. . . . The total angular momentum of the 
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atom is JhjzTT (Uhlenbeck and Goudsmit). J , here encoun- 
tered for the lirst time, is known as the '' inner ” quantum 
number of the atom. 

It has been found necessary and sufficient, in order to 
account for the experimental data, to suppose that every 
electron has an intrinsic spin moment sA/27r, where s is the spin 
quantum number, equal to The introduction of half- valued 

quantum numbers was suggested before the theory of electron 
spin, but the latter is helpful in understanding how they may 
arise. An electron can spin in two senses, that is, it has two 
possible oppositely directed rotations. Spins represented by 
1 4 and give a difference of one whole quantum unit. Two 
electrons, for one of which the spin is represented by f | and 
for the other by — have zero resultant spin : thus the total 
spin moment is additive for a number of electrons. Two 
oppositely directed spins are said to neutralize each other. In 
the formation of a Lewis single bond by the sharing of two 
electrons, it must be supposed, with Heitler and London, that 
electrons having oppositely directed spins from two different 
atoms unite, and that homopolar union may be attributed to 
the tendency of electrons to reduce their resultant spin 
momentum by combination in pairs. 

In building up the electronic structures of the elements in the 
periodic classification, it becomes reasonable to assume that the 
structure of each inert gas corresponds to a completed system, 
in which the total angular momentum (measured by J) is zero. 
The inert gases contain an even number of electrons, and the 
spins are all neutralized : hence there is no tendency towards 
chemical combination. Electrons outside closed groups, such 
as the valency electron of sodium, may function in chemical 
union, and it is these electrons which are mainly concerned in 
the production of spectra. A resultant spin momentum can 
only be associated with electrons outside closed groups : thus 
the two valency electrons of calcium may give rise to a resultant 
spin 5 = J + ^ = I, or, if their rotations are in opposite senses, 
to 5 J — J = o. An odd number of electrons cannot give 
zero resultant spin. Three electrons rotating in the same sense 
give S == I, and so on. 
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The intrinsic spin of the electron is found responsible for the 
observed multiplicity of spectra. Associated with each orbital 
angular momentum, there may be more than one setting of the 
axis of spin relative to the plane of the orbit, so that there is 
more than one resultant angular momentum. In the language 
of the theory, this is a consequence of the interaction or 
coupling between spin and orbital angular momenta as they 
preccss around their resultant direction of total angular 
momentum. It is evident that spin and orbital angular 
momenta are to be treated as vectors, having magnitude and 
direction, so that different settings of the same absolute values 
may give rise to different resultants. If an atom has mere than 
one valency electron outside closed groups, their separate 
orbital and spin angular momenta (as represented by the 
corresponding^uantum numbers) must be added vectorially to 
give the resultants L and S respectively of the whole atom. 
(In the case of the spins, ordinary addition happens to give the 
same result as vector addition, which shows why the procedure 
of the preceding paragraph was successful.) This may be 
more clearly understood in the light of the rules for vector 
addition (see Appendix (6) to Chapter XVIII). 

An atom having one or more electrons outside closed groups 
is characterized by a resultant spin S and a resultant orbital 
angular momentum L. These two may be compounded 
together, in general, depending on the angle between their 
directions, to give more than one resultant /. This accounts 
for the multiplicity of spectral terms. 

The rules of vector addition show that, for integral differences 
between consecutive values, possible J's are positive values taken 
from the set of numbers S, S) x, . . . L + S. This 
may be termed the LS coupling rule. (Experience shows that 
more than one kind of coupling may occur : this kind is known 
as Russell-Saunders,® or LS coupling, and is the only case 
considered in the present text.) 

It is important to observe that the set of J values chosen 
from given L and S starts with L-S when L is greater than S, 
and with S-L when S is greater than L There are 2^ + 1 
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terms, where Q is the smaller number of L and S when they are 
unequal. 

The quantum numbers /, s, j refer to individual electrons, and 
L, 5 , J to whole atoms. For electrons, according as they are of 
p, d, f types, the corresponding serial quantum numbers are 
I o, I, 2, 3 respectively (see Chapter XVI), whilst similarly 
for whole atoms S, P, P, F correspond to L ^ o, i, 2, 3 
respectively. 

For hydrogen and the alkali metals, since only one electron 
is involved, /, s, j are necessarily equal to P, 5 , J respectively. 
Sodium, for example, in the ground state has an 5 electron, so 
that L - - I o, S — I, whence, by the LS coupling rule, 
J L + 5 J is the only possible positive value of J {L — 5 
is negative, and therefore excluded). This makes the S' state 
singlet,"' in accordance with observation. (The 5 used for 5 
states must not be confused with the spin quantum number S.) 
In an excited p state, the sodium electron has L ^ ^ I i, 

S so that by the rule J ^ L — S ----- \>ox J ^ L + S i-J 

and the levels are '' doublet.'' This is in accordance with 
observation, since the Na-D line, the first line of the principal 
series, is found to be a doublet, and is formed by transitions 
from one or other of these levels into the single ground state 
level. Similar reasoning to the above gives doublet D levels, for 
which J 2|, 1 J, and doublet F levels, for which J 3 J-, 

As an example of a more complex case, consider two electrons 
which have P = i, 5 i. In accordance with the LS coupling 
rule, J can be o, i or 2, so that the levels are “ triplet,” and so 
on. Higher multiplicities may be denoted by quartet, quintet, 
sextet, and so on. 

The system of specification of terms suggested by Russell, 
Shenstone and Taylor’ is now universally adopted. The term 
symbol is S, P, P), F, . . according as P == o, i, 2, 3. . . 
respectively. The multiplicity is then placed as a small prefix 
above the term symbol, as ^5 for singlet 5 ,” ^P for ” doublet 
P,” and so on. Where necessary, the total angular momentum 
as measured by J is placed as small suffix below the term 
symbol : thus the two P terms of Na are written ^p^, ^p, ; 
the D terms ; the F terms ^F^. The triplet P 
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terms of calcium are written ^.nd so on. Some- 

times a doublet may be written and a triplet ^Po,i.2* 
The singlet S state of hydrogen and the alkali metals is written 
25, , since although single it is a member of a doublet sequence 
of terms, and combines with doublet terms in producing lines. 
The true doublet nature of the ground state of sodium, for 
example, comes out in a magnetic field, when the single level 
breaks up into two levels. Similarly, the 5 levels of a triplet 
system are labelled *S, and so on. 

It remains that we should notice that no other system will 
account for the observed facts so well as that outlined above. 
If, for example, the spin s for one electron were snjf)posed to be 
given by s = I instead of by s ^ the P, D, F lovels of hydro- 
gen and the alkali metals would be triplet ins^d of doublet.* 
Nor is Bohr's azimuthal quantum number k ^ satisfactory as 
the new serial quantum number I — k ~ ihlMwe should have 
k --- I for 5 states, and possible values of J vS^ld be i|, ], and 
the S states would be double, contrary to experience. The 
^ange is further suggested by the fact that the ground states 
^ the inert gases are singlet S states for which J = o, being 
represented by If, according to the argument given earlier 
in this section, the total spin moment of an inert gas atom is 
zero, then the total orbital angular moment must be zero also 
in order to give a zero resultant. Hence 5 stated have L — o. 
Further, the above system fits in with the simple selection rules 
given in the next section. It is also consistent, as earlier 
noticed, with the results of the new quantum mechanics. 

The angular momentum corresponding to a quantum number 
q is given by the classical mechanics by qhj2TT. According to 
the new quantum mechanics, the angular momentum is qhl2TT 
for motion about a fixed axis, and y*A/ 27 r, or \/?(? + for 

motion about a free axis. In consequence of this, q is generally 
replaced by y* in the new quantum mechanics. This need not 
introduce any serious difficulty, for the q*^ in any instance may 
be derived from the classical q by the relation q^^ = q{q + i). 
Thus, for example, an electron spinning about a free axis has 
angular momentum + i)A/ 27 r \/ 3 / 2 ./^/ 27 r, instead of 

'^A/27r, 
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The interpretation of the Zeeman Effect (Vol. i : 29) requires 
that in a magnetic field J shall break up into 2/ + i parts, 
given by M =-/,/- i,/ - 2. . .0. . . -{J - 2), -{J - 1), 
— /, where M is the magnetic quantum number, resolved along 
the field direction. • 2/ + i is said to be the weight of a level 
whose total quantum number is /, and is important. in con- 
nection with the interpretation of intensity relations of fine 
structure lines (see following Section 59). 


59 . Selection and Intensity Rules 

(A) One -Electron Transitions. The selection rule govern- 
ing Bohr’s azimuthal quantum number k for one electron has 
been deduced, on the basis of the correspondence principle, to 
exclude all transitions but those in which k changes hy +1 or 
-I (Section 56). Since / == A — i, the same rule applies to 
I : Al ----- ±1. Extending to whole atoms, the selection rule for 
L is JJL ±1. The correspondence principle similarly limits 
J/ to ±i or o, the transition o~>o being excluded. A similar 
restriction is imposed upon the magnetic quantum number M. 
The rules which limit changes of angular momentum in tran- 
sitions in which radiation is emitted or absorbed may be 
summarized as follows : — 


Permitted 


I'xcluded 




There is no restriction on changes in the principal quantum 
number n. The selection rule for S may be expected to be 
dS = 0, since a change in S involves “ intermultiplicity lines,” 
that is, lines arising from transitions between terms of different 
multiphcities. This rule appears to be followed so long as the 
term components of a level are not very widely separated : thus 
the singlet and triplet terms of helium do not combine, and were 
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thought at one time to be due to different atoms, called 
parhelium and orthohelium respectively. On the other hand, 
combination between singlet and triplet terms according to the 
rule JS = ±1 niay occur where the separations of components 
are larger. Lines due to such transitions have been observed 
for magnesium and calcium, and especially for mercury, in the 
group of alkaline earth elements. The term component 
separations increase with increasing atomic number. 

The following general principles are found to hold good in 
respect of intensity relations amongst multiplet groups of lines : — 
(i) changes in J in the same direction as changes in L are 
particularly favoured, and give the most intense lines ; (2) the 
observed intensities decrease as changes in J deviate more 
from changes in L. 

This matter has been put in a more precise form by Burger 
and co-workers,® in the following rules : (a) in a multiplet 
involving a single and a multiple term, the relative intensities 
depend on the quantum weights 2/ + i of the components of the 
multiple term ; (b) in a multiplet involving two multiplet terms, 
the relative intensities are such that the sum of the intensities of all 
lines involving a given term component is proportional to the 
quantum weight of the given term. 

As an example of (a), consider the principal series doublet of 
-an alkali metal. There are two lines starting from the upper 
levels 2P;i and and ending on the common lower level ^ 5 ^. 
The quantum weights of the levels are 2{:f) + i and 2(|) + i, 
giving an intensity ratio 2:1. Sambursky® has carried out 
detailed investigations on the intensity relations in the principal 
series of the alkali metals, which show agreement with this rule 
for earlier members of the series, with often wide departures for 
later members, this being especially true of caesium. The 
anomalies have been largely explained by Fermi. Similarly, 
in the triplet ^^2,1,0 to we shall expect the intensities of the 
lines to be in the proportions of the quantum weights of the 
three P component terms, that is, as 5 : 3 : i. 

In cases where two multiple terms are involved, case (b) 
above may be applied. Considering the diffuse series of an 
alkali metal, we have transitions between the upper levels 
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and *Z)j and the lower levels and *Pj. The transition 
to being excluded by the selection rule for J, we have 
three possible transitions, which we may term i, 2, 3 as in the 
scheme below (compare Figure CIV), with corresponding 
intensities /j, /j and /g : — 


Levels 

(lower) 


2P;. 

- 


Quantum 



(upper) 

Weights 

2 

4 


6 

0 

1 


4 

2 

^ 3 


Considering the transitions which start on the common level 
“//,, the rule gives /g : (/j + /g) =- 2 : 4, and the transitions 
ending on ^P ., /i ; (/g + /g) = 6 : 4. These relations com- 
bined give : /g : /g == 9 ; 5 : I. If, as often happens, the 
levels lie so close together that they are not resolved, the 
observed intensities will be in the ratio (9 i) : 5, or 2 : i. 
This was confirmed experimentally by Dorgelo.^^ 

To take one further example, consider the fundamental 
series of the alkali metals. The following scheme represents the 
application of the rule : — 


Levels 

(upper) 

(lower) 



Intensity 

Relations 

Intensity 

Ratios 

Quantum 

Weights 

4 

6 

h .,8 

Ii'. 1 2 ' I ^ 

-= 20 : 14 ; I 

^Fi ! 

8 

0 

I 

■^2 __ 4 

A +-^3 6 j 


6 

2 

3 


In cases where three upper and three lower levels are involved, 
as in the ®Pi,g,3 to ®Po.i,2 multiplet, the intensity relations do 
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not provide enough equations for the relative intensities to be 
determined, but certain comparisons can be made involving the 
sums of the intensities of two or more lines, which have been 
found to be in general agreement with experiment. Experience 
shows, however, that the intensity rules based on quantum 
weights must be supplemented, for example, by considerations 
involving temperature and the distribution of atoms amongst 
different states. Intensity formulai have been given by 
Kronig,^^ RusselP® and Sommerfeld and HonP^ on the basis of 
the correspondence principle, and by Dirac^^ from the new 
quantum mechanics. Experimental confirmation lias been 
provided by Harrison and Engwicht.^® 

(B) Two-Electron Transitions. The selection rules given 
above are sufficient where only one electron changes its quantum 
state. In 1925, Russell and Saunders® discovered cases in the 
spectrum of calcium where two electrons were simultaneously 
involved (see 62Fa below). It was found that for a second 
electron the change in I might be o or ±2. This leads to the 
selection rule AL ~ 0 or ±1. The other rules remain un- 
changed. Selection rules for transitions involving tliree 
electrons have also been given.^’® 

It has been shown that the selection rules are equivalent to 
the statement that transitions occur only between odd and even 
terms (see this Vol. : 57C, end). 

(C) Intensity Tables. Relative intensity tables for atomic 
spectra, based on the summation principles of Burger and 
collaborators and the intensity formulae, have been prepared by 
White and Eliason.^’ 

60. The Fine Structure of Lines in Hydrogen and Ionized 

Helium 

It has been observed in Section 55 that Sommerfeld 's 
explanation of the fine structure of the hydrogen lines on 
relativistic grounds did not completely account for the 
experimental data on atomic hydrogen and singly-ionized 
helium. Strangely enough, however, the newer theory gives 
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the same levels and separations as Sommerfeld's theory, in a 
way that will be explained in this section. The advantage of 
the new theory, in which spin-orbit interaction is taken into 
account as well as the relativity effect, lies in that certain 
component lines of the line structure, which were not allowed 
in Sommerfeld*s theory, arc now explained. The theory also 
brings the hydrogen spectrum into line with the spectra of other 
elements where the inner quantum number j (or J) is required 
to interpret the details of the observed fine structure. 

The theory of the spinning electron provides a new set of 
quantum numbers for hydrogen. Except for A i o), 
each subsidiary level breaks up into two components, for which 
j I + \ and I - |. This is the result of vector addition of 
I and s to give j, which process happens to be the same in this 
case as ordinary addition, when sign is taken into account, the 
spin s I being added to or subtracted from 1. To make this 
clear, it may be desirable to give the following scheme as far as 
n -- 3 


Ok 

1 quantum numbers 

New quantum numbers 

Term designation 

n 

k 

n,, 

n 

1 

y 

ni,j 


I 

I 



I 

0 

1 . 

i 

^ 0 . i 


2 

2 

“2 

f 

■'i 


I 

I 

\ 

-1> il 

2 2P:5 

2 

1 

-1 



2 

0 

1 

2 

'^0, i 


3 

3 

33 



3 

3 

2 

2 


32» 5 

32> i? 

3 

3 

3 

2 

3^ 



3 

3 

I 

I 

1 

3i» 

3i.* 

3 "-P;: 

3^Pi 

3 

1 

3i 



3 

0 

2 

3o» i 

3 


It is observed that whereas the old theory gave n levels for 
each n, the new theory gives 2 n — i levels for each n. The 
term multiplicity R = 2 , and hydrogen and ionized helium, like 
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the alkali metals, give terms of a doublet series, with a common 
ground state designated by 

The term formula for hydrogen on Sommerfeld's theory (see 
equations (13) and (14) of Section 55), as a first approximation, 
is as follows : — 


F -i- ^ ^ - i» 9.677 759 , 5:82 /i _ 3 \ , . 

M* \/e ^n) n* \/e 4«/ 


where a is the fine structure constant. 

The term values as far as n = 3 are given in Section 55, as 
derived from this formula. 

Heisenberg and Jordan^® carried out the quantum-mechanical 
calculation on the basis of relativistic and spin-orbit interaction 
considerations. Sommerfeld’s formula (i) for the relativity 
correction was reproduced, but with the important alteration 
that k was replaced by / + Hence the new relativistic term 
formula for hydrogen becomes 


/,' ^ 109.677759 I 5-82 / i_ 

V + i 


-) 

4n/ 


(2) 


It is readily found that this formula gives much greater term 
sliifts than SommerfekVs formula. Thus, for n ™ i, the older 
theory gives the term shift (second term of (i) ) as X 5-82 - 
i*455> whilst the quantum-mechanical formula (2) gives 
ij X 5-82 7-275 cm." 1 For higher n's, the new displace- 

ments are also larger than the old, but relatively less so than 
for n - 1. 

Heisenberg and Jordan also carried out the correction for 
spin orbit interaction, and found the term shift to be 
negative : — 


AF 




5-82 p(j+ !)—/(/ + l) - S(S + l) 

I 2/(/ + i)(/ + i) . 


The total term shift is given by AF = AF^^^ -j- that is 

i>y 


AF = f + i) - s (s + I) ^1 , X 

U -f- ^ 2/(/ -|- i) 4^?J 
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This formula may now be applied to the two cases (a) 
y = / (b) y = / — Making the substitutions, it is found 

that the term shift, using s = reduces for the two cases to 
the simpler forms : — 


-a ) 


( 5 ) 


The final result therefore is that in case (a) Sommerfeld's k 
in equation (i) must be replaced by / + i> and in case (b) by /. 
This has a curious effect. In the one-quantum principal level, 
where n “ i, I ~ o, j J, we have ceise (a), so that k -- 
/ + I — I ; hence the term shift is the same as that given by 
putting k =-• I in Sommerfeld's equation (i), and the final shift 
is the same as before. In the two-quantum group, the level 
for which n = 2 , / o, y similarly has k I + i i, 
so that it coincides with Sommerfeld's 2i term. Tlie level for 
whicli 2, / — i,y 2 belongs to case (b), so that k ' I ly 
so that it also coincides with the Zi term ; in other words, the 
levels having the, same y namely 2 ^ 5 ^ and 2 ^P^y have the 

same term shift as each other, equal to that for Sommerfeld's 2i 
term, whilst the ^P, term lies higher, coincident with n,, ----- 2.2. 
Similarly, 3^ P^ and 3^ S^, 3^ D.^ and 3^ P., 3^ D:, coincide with 
33, 32 3i respectively. This is shown in Figure CII, where 
the term shifts are observed to be the same as those given by 
Sommerfeld's original theory, shown in tabular form in Section 

55. 

The theory that levels having the same j value coincide leads 
to a final simplification of the formulae, to include cases (a) and 
(b) in one expression. In case (a), j I A / + i, so 
that A -= y + eliminating /, and in case (b),y A = /, 

so that again A = y + I- The results may therefore be 
expressed by the following term formula : — 


RZ^ Ra^Z^ r I 
535 


(6) 



THE PINE STRUCTURE OF MATTER 


[xvii 6o 



Figure CII. — Fine Structure of First Balmer Line of Hydrogen and 
I' iRST Fowler Line of Ionized Helium. The scale of the fine structure 
separations has been drawn five times as great for H as for HcT, for convenient 
representation. The more intense transitions are shown by thick hnes: 
a, h, c show transitions excluded on Sommerfeld's original theory, whilst o 
transitions are observed. 

The treatment of Dirac^® and Gordon*® leads also to the 
result of equation (6), as a first approximation. 

A little earlier than the work of Heisenberg and Jordan, 
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Soinmcrfeld and Unsold,^^ taking account of the inner quantum 
number j and the selection rules deduced seven possible 
transitions from the five levels for which n = 3 to the three 
levels having n = 2, Similarly, thirteen components were 
predicted for the first line of the Fowler series at A === 4686 
A.U. for ionized helium (transitions from n = 4 to n — 
Owing to the theory of the coincidence of certain levels having 
the same 7, the number of transitions becomes five for the first 
Balmer, and eight for the first Fowler line. Theoretical 
intensities were also calculated for the first time by Sommerfeld 
and Unsold. 

The experimental results appear to be definitely in favour 
of the new theory. Although the resolution of is so 
difficult that it is unsafe to argue from the present results, the 
separation of the two strongest components in the Balmer series 
approximates to the term difference for n = 2 calculated as 
0-364 cm.“^ for higher members of the series. The strongest 
components are shown in Figure Cl I by transition arrows 
having thick lines, from which it is seen that the theoretical 
separation of these is 0-364 - 0-036 0-328 cm.“^, in reason- 

ably good agreement with measurements recorded in Section 55. 
Identification of the weaker lines a and b would provide evidence 
in favour of the new theory, since they are excluded on the 
old theory by the selection rule for k [Ak — ±1). Greater 
success has been achieved with ionized helium, where the term 
shifts (involving Z^) are much larger, and therefore more 
easily resolved. Paschen^^ has identified four, if not five, of 
the components of the first Fowler line, and amongst them the 
transition 4i to 3i (on the specification) occurs. This is 
excluded by the selection rule for k on the old theory, but 
permitted as a transition between and ^5^ [Al ~ 1, Aj ~ 0) 
on the new. 

The above considerations will apply to the heavier isotope of 
hydrogen, so long as R is given the value 109707.387 cm. 
For ionized helium, as previously noticed, P =109722 -403 cm. “ 

Although the combined effect of relativity and spin orbit 
interaction, according to the new quantum mechanics, gives 
just the original term shifts postulated by Sommerfeld, it 
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appears that the new theory gives a better account of the 
number and nature of the observed lines. The original 
argument of Sommerfeld appears incorrect, since spin orbit 
interaction was not introduced, and the new quantum 
mechanics, whilst it reproduces the form of the equation (i), 
gives the definitely different result (2) even when spin is 
neglected. 


61 . Multiplicity Rules and Term Intervals 

(A) Term Multiplicity. The LS coupling rule, stated in 
Section 58, may now be applied to the calculation of the various 
possible multiplicities of terms which may arise from one or 
more valency electrons in given states of quantization as 
represented by their quantum numbers. 

When more than one electron is present outside closed groups, 
combination takes place between the Ts of the separate electrons 
to produce one or more resultant //s by vector addition. 
Similarly, the .s's combine vectorially to produce resultants 
denoted by S. 

{'onsidering the vector addition of Ts, the general rule for the 
combination of Zj and Zg is that L takes all possible positive 
values in the series (Zj^Zg), (Zi-Zg) -f i, . . . (Zi + Zg). One 

py ^,/ electron outside closed groups (for which Z^ = o, i, 2, 3 
respectively) can only give rise to one set of S, jP, D, F terms 
respectively -- o, i, 2, 3, where denotes the resultant L 
for one electron). Two 5 electrons have Zi == Zg == 0, so that 
A 2 o {S terms). The combination of two electrons sp, 
having Z^ - 0, Zg i, gives i (P terms). For the two- 

electron group pd, lx = I, Zg -- 2, so that Pg = (2 — i), 
(2 - i) + I, (2 + i), or I, 2, 3 and P, Z), F terms respectively. 
When three electrons are present outside closed groups, Zg 
values for any two of them must be combined by the vector 
addition rule with Zg to give values of Pg, and so on. This is 
further consideration in Chapter XVIII, in the Appendix to 
which the method of vector addition is explained. 

The vector addition of Si and Sg to give 5 follows the similar 
rule that wS takes positive values from the series (Si-^Sg), 
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(Si^Sg) + I, . . . (si + $2). Recalling that s has only one 
value s ~ I for every electron, according to the theory, we 
shall put for one electron outside closed groups Si -- h For 
two electrons, Si = Sg ~ Sg = | | + I, or o, i 

respectively ; in the case of three electrons, the Sg values must 
be combined with S3 the resultant of Sg ~ o and S3 — 
being S3 and of Sg i and S3 = S3 == i — i + |, 
or J, i-|, so that these are the only possible resultants. A 
similar procedure gives the following results : S4 ^ 2, i, 0 ; 
S5 = 2|, I ; Se = 3, 2, I, o ; S7 = 3^, 2^, i|, We shall 
find that the value of S determines the multiplicity of terms. 

Table LIV shows now the results of combining L and S as 
far as L ™ 3 by the vector addition rule (Section 58) to give /, 
the inner quantum number corresponding to total angular 
momentum. In each compartment, possible values of J are 
given on the top line ; beneath this is shown, first, the term 
type where R is the multiplicity of terms, always equal to 
tlie maximum multiplicity for given S, and second, the symbol 
25 + I or 2L + I which correctly expresses the number of J 
values for given L and 5. When i == S, it does not matter 
which of the two expressions is used. As previously explained, 
the terms singlet, doublet. . . are used for I'? = i, 2, . . . 
respectively. 

In the lower part of Table LIV, the 5, P, />, F are shown as 
they may be distributed according to J and multiplicity values. 

The multiplicity i? of a term system is defined by the largest 
number of J sub-groups corresponding to a given value of 5. 
Thus one electron gives rise to single 5 terms and double 
P, P, F terms, so that the system is one of doublets. Similarly, 
a quintet system has i5, 3P, 5P and 5F J sub-groups, and so 
on. The octet systems reach their largest multiplicity for 
L ^ 4 (®C terms), for which the description corresponding to 
that in Table LIV would be 



4 

3i 

J h ij, 2I, 3i. 4i. 5i. 6i. 7i 
«G 2.S-( I - 8 


G 
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It is now readily discerned that the following relation 
holds : — 

R = 2 S + 1 (7) 

A given number of valency electrons v can give rise, as 
already observed, to more than one 5 when v>i. Thus, for 
V = 2, ^2 o or I, so that by (7), TJg i or 3 ; that is to say, 
singlet and triplet systems are possible, as is observed in the 
spectrum of calcium. Similarly, we may deduce from . the 
values of Sg, ^4, Sg, Sq and given above corresponding values 
of i?3, I?4, 2?5, Rq and R^ (the suffixes denote values of v), 
(Although the highest possible multiplicities have not always 
been observed, theory suggests that they can exist.) A good 
series of elements illustrating this is that from potassium to 
manganese : — 


No. of Valency Electrons 

1 

2 

3 

4 

5 

6 

7 

Atom 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 


2 

I 

2 

I 

2 

(I) 

(2) 

Observed Multiplicities R 


3 

4 

3 

4 

3 

4 





5 

6 

5 

6 


i 





7 

8 


Let us denote the highest possible values of 5 and R for given 
V by vSmax. arid i?niax. respectively. It then follows that 

+ I = W + I (8) 

The maximum possible multiplicity is thus limited by the 
number of valency electrons. Williams®^ suggested that v 
measured the sum of the polar and homopolar valencies of an 
atom. 

It is observed from Table LIV that the number of J values 
for a given L is 2L + i when S^L, and is 2S + i whenS <L, 
and 2S + i< 2T + I. Hence the largest J value for given L 
is 2L + I. which means that the largest number of J sub-levels 
is I for S, 3 for P, 5 for D, and 7 for F terms, and so on. 
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Multiplicity questions may also be regarded from the stand- 
point of the Heitler-London theory of valency in terms of 
electron spin. If the number of electrons outside closed groups 
is E, then the total spin momentum S = sE == ^E, and the 
maximum valency v — E = 2S. It may , now be shown, as 
under, from the spin theory, that 2? = + i, whence equation 

(8) follows by an independent kind of reasoning. These con- 
clusions arise from the number of possible ways in which a 
given number of spins may be combined, and may be illustrated 
as far as 5 == 2 as follows ; — 




Spin possibilities 

Maximum 
multiplicity R 

1 electron 


i t 





2 

2 electrons 




{V==E^2) 


H It tt 

3 

3 electrons 




iv^E^S) 


III J i f tt t 1 1 1 

4 

4 electrons 




{v^E^ 4 ) 

S-2 

till utt tttt tttt tttt 

5 


Values of J may now be obtained by this method, by direct 
addition of Us with different possible combinations of the spins 
s. Consider the case of two valency electrons, for which 
S = I + I - - I : then by spin combination possible values of 
J are L 4- i L \ L — | or T + i, L, L — 1 
respectively, so that for L z, J values are 2, i, o, giving the 
respective terms ^Pg, as previously obtained by the 

coupling rule. The values | \ i or i, 0, -i, 

correspond to the spin magnetic quantum numbers M^, given 
generally by Ms = Sy 5 — i. . . — (S — i), —S ; similarly, 
the orbital magnetic quantum number is given by Mj^ == L, 
L — I, . . . —(L — i), —L (this Vol. : 64). It may now be 
said that J takes 25 -f i positive values L -j- Ms when L> 5 , 
and 2L -f I positive values 5 -f when S>L. A little 
consideration will show this result to be in agreement with the 
LS coupling rule and the numbers in Table LIV. Figures CIII 
to CVI show the results diagrammatically. 

The multiplicity of terms thus equals the number of ways in 
which the spins of the given number of electrons concerned may 
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be combined together, as in the following scheme where R = 
E + i= v + i= 2 S + i : — 


1 

• 

Spin ix)ssil)ilities 

Values of il/s 

r olfflron 

.s(always) = J— S 


h h 

2 electrons 

S — 2S==I 

UA-h~h~i 

T, 0, - I 

3 elertrons 



A, h-h -Ij 

4 electrons 

S:- |s — 2 

i-j -3 i 

2 , I, 0, — 1 , - 2 


The above scheme also shows how more than one set of 
multiplet terms may arise for a given number of valency 
electrons. For 2 electrons, ^ I ^ further possibility 

is S ^ — 2=0, giving R = 1 (singlet). Similarly, for three 
electrons, the middle two combinations of spins given above 
corresponds to i? = 2 ; for four electrons, the middle com- 
bination gives i? ~ I, the middle three i? ™ 3, and so on, in 
agreement with previous findings. 

The results may be summarized in the following multiplicity 
rules : — 

(a) An atom may have more than one multiplicity of spectral 
terms, the multiplicities being either all odd or all even ; 

(b) The multiplicity is odd when the number of valency 
electrons is even, and even when the number is odd (Alternation 
Law) ; 

(c) The maximum possible multiplicity is one more than the 
number of valency electrons ; 

(d) The multiplicity of terms may not exceed i for S, 3 for 
P, 5 for D, and 7 for F terms ; 

(e) The multiplicity may not exceed the maximum of the 
system (2 for doublets, 3 for triplets, and so on) ; 

(f) Odd multiplicity corresponds to integral values, and even 
multiplicity to half values of S and J ; 

(g) The multiplicities of atoms and ions comprising iso- 
electronic groups are equal : the energy terms of an atom 
tend to resemble those of the singly ionized atom one unit 
higher in atomic number ; 
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(h) The addition of an electron to any multiple term raises 
or lowers its multiplicity by one unit (Branching Rule) : thus 
we have the following scheme : — 

Completed Systems Sinjflcts 

S—o R^i • 


I 

One Valency Electro/t Doublets 



and so on. 

The, following rules refer to combinations : — 

(i) Terms of odd and even multiplicity do not combine to 
give spectral lines (since the change in J would be lialf-valued 
against the selection rule for J) ; 

(j) Terms of like (odd or even) multiplicity may combine, 
especially when the multiplet terms are relatively widely 
separated (see this Vol. : 59). 

(B) Term Separations. It was observed, in the course of 
the discussion on the fine structure of the spectra of H and He”^ 
in Section 60, that the spin-orbit interaction had the effect of 
increasing the energy of terms, that is, it appeared as a negative 
contribution to wave-number in the adopted convention (lower 
level given higher wave-number, the ground state having highest 
wave-number, corresponding to the ionization potential of the 
atom). As has been stated, the multiplicity effect is attributed 
to magnetic interaction between spin and orbital angular 
momenta. A rotating or circulating charge constitutes a 
magnet, and both the spin and orbital moments, considered as 
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fixed at a given angle between their directions in space for a 
given energy term, have associated magnetic fields, and the two 
momenta exert a torque on each other. In consequence, it is 
found that each vector processes " round the direction of the 
resultant given by J {cf. Figure CVIII). It is the magnetic 
interaction energy between L and S vectors which causes the 
term separations, according to this theory. (The idea of 
precession in this case is quite analogous to the well-known 
precession of a mechanical top spinning in a gravitational 
field.) 

An example of the way in which the effect works may be 
helpful at this point. Consider the doublet terms for which 
i = I ~ I ; here the electron spins in the opposite direction to 
that of movement in the orbit. The consequence is that the 
magnetic field set up by the I vector, which acts on the electron 
at right angles to the plane of the orbit, lies parallel with the 
direction of resultant spin moment. For j ■■---■■ I -f the 
opposite may be expected ; hence we may anticipate that the 
state corresponding to j I — | will have a higher magnetic 
interaction energy than that corresponding to j I H- so 
that j == I — I may be expected to correspond to firmer 
binding, and to' lie deeper in the atom, thanj ^ + i* Ihis is 
generally fulfilled, although some exceptions are known, called 
'' inverted terms '' (see 62 Fb). 

Calculation of the magnetic interaction energy between spin 
and orbital angular momenta has been carried out by the new 
quantum mechanics by Dirac,^® Darwin,^® Gordon^® and 
Pauli. Some more recent work has been done by Slater, 
Johnson,*^^ van Vleck^® and others.^’ The classical model leads 
to the same result, when a relativity correction revealed by 
Thomas*-^^ is taken into account. The term shift dF equals the 
interaction energy divided by he. We can do no more than 
state the result, which for doublets takes the form 


AF - 


Ra^Z^ 

nH{l + i)(/ + I) 


' JU+ 1 ) - + 1 ) - 


where the part outside the bracket is often termed A, the 
coefficient of magnetic interaction. For doublet terms of the 
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same I and s, it is easily found that the term separation between 
7 : I ~~ andy' =^- / -f \ reduces to the following : — 

Aw=^AF-AF' --(l + k)---- (xo) 

since Ra^ = 5*82 (compare equation (4) ). The term shift F is 
measured from the “ centre of gravity ” of the set of terms of 
given I and s. Reference to Figure CIV shows that the doublet 
separations calculated by (9) are correctly proportional to 
/ + The term shifts and resulting separations are given at 
the left hand ends of the lines representing the levels. (This 
and kindred Figures given are purely diagrammatic : the 
separation of F terms is really much less than /), and D than 
F, though shown equal, since A decreases from P to Z) to F 
terms with increasing L) 

Before equation (10) can be applied to calculate teini 
separations, it is necessary to decide what value shall be taken 
for Z. We shall be content to cite the single example of the 
doublet isoelectronic group Lil, Bell, Bill, CIV, NV, OVI, 
and to assume that the effective Z is equal to two less than the 
atomic number, if the two helium '' electrons effectively 
screen the nuclear charges. The doublet line separation of the 
first member of the principal series corresponds to the term 
difference for / ^ i, = 2, since the two transitions involve tlie 
common ^ 5 ^ level (thus — 2 ^ 5 ^) — - 

2^P^—2P). Even with the above very approximate 
estimate of the extent of shielding of the nuclei, the following 
scheme shows that (10) reproduces the general run of the 
experimental numbers fairly well — 


Atom 

i.ii 

Ik - 11 

Bill 

CIV 

XV 

OVI 

Effective Z 

1 

2 

3 

4 

5 

() 

- 22P,.f 

expt. 

calc. 

0-338 

0-364 

6 * 6 i 

5-82 

34-4 

294 

107-4 

93-0 

259-1 

227-4 

533-8 

471-0 


Still better agreement with experiment may be obtained by 
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substituting a mean value of Sp, the shielding constant, from the 
results, and then putting Z — Sp instead of Z in (lo) (compare 
equation (17) of Chapter XVI). The real cause of the 
discrepancy between theory and experiment seems to lie, 
however, in the fact that the series electron spbnds part of its 
time within, and part without the atomic core. Land^^® 
introduced a refinement in equation (10) to take account of 
penetration within the core by substituting {Z — s^^(Z — 5^)2 
for where 5^, are the shielding constants for the electron 
outside and inside the core respectively. 

When Z in equation (10) is replaced by Z — the resulting 
equation is of the same form as the '' regular doublet law '' in 
X-ray spectra, and this brings out an analogy between the latter 
and optical spectra. 

In cases where atoms have more than one valency electron, 
the term separations are found to be given by a formula of the 
same type as (9) :• — 

+ + + .... (II) 

where the coefficient of magnetic interaction A is a more 
complex function of the quantum numbers than before. How- 
ever, .since we are mainly concerned with the relative separations 
with a group of J levels, this formula may be used without 
ascertaining the actual value oi A. In Figures CV and CVI, 
the fractions of A for different sub-levels, and the relative 
separations, are inserted, as calculated from (ii). We may 
compare with experiment in the case of the quartet terms of 
scandium. The observed intervals, in cm. " 1, are to 
37.49, to ^F, 52-60, and ^F, to 67-07, numbers in the 
ratio 5-03 : 7-05 : 9-00, where theory requires 5:7:9. 

Figures CIV to CVI illustrate an important principle, known 
as Lande's interval rule, to the effect that the interval between 
any two consecutive sub-levels of a given LS state is proportional 
to the larger of the two J values concerned. Thus, in the 
quartet F terms, the separations are %A, ^^A and A, the 
fractions of A corresponding to the higher J in each case. The 
rule may be easily proved from (ii) as follows. Let a higher 
level J be followed by the next lower level / — i ; then, since 
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L, 5 are the same for the two levels, the separation in wave 
numbers ---- Aw = A {JU + i) - (7 - i) 7 ) IJA, in 
accordance with the rule. 

Hicks^® has suggested some relations between multiplet 
separations and atomic weight. If, for example, two terms of 
a doublet are written in the form Rjp'^ and Rlq^, the difference 
p — q is found to bear a simple relation to a fundamental 
magnitude o called the oun. The equation % ^ p — q coA 2, 
where c is a whole number, and A is conveniently taken as 
o-oi of the atomic weight, is found to represent the facts quite 
well. The value of the oun is given as 361 *78 ±0*05, derived 
from the atomic weight of silver 107-88.^1 Similar results are 
found to hold good for triplet separations, and in other cases. 

The influence of atomic weight (or atomic number) is seen in 
the following* series of separations of the first doublet terms of 
the principal series in the alkali metal group : Li 0-338, Na 17-2, 
K 57-9, Rb 237-7, Cs 554-0 cm. b 

Tlie results of this sub-section may be summarized in the 
following rules (which, however, are not always without 
exceptions) : — 

(a) Other things being equal, term separations decrease witli 
increasing 11 and increasing L, but increase with increasing 
atomic weight (or atomic number Z) ; 

(b) The term separations between coUvSecutive sub-levels are 
l)roportional to the inner quantum numbers of the higher levels 
(Lande's interval rule) ; 

(c) The separations of corresponding terms increase in 
isoelectronic groups with increasing degree of ionization {cf. 
Vol. I : Figure VII) ; 

(d) For the same n, the separations of P terms arc greater 
than those of D terms, and of D terms than F terms ; 

(e) Sub-levels of lowest inner quantum number lie deepest 
in a group of atomic multiplets. 


62. The Ground Terms of Atoms and Ions 

The principles explained in preceding paragraphs may now 
be applied to atoms in general, for purposes of reference to the 
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original literature. The study of spectra in all cases reveals the 
presence of systems of energy levels, postulated in order to 
explain the observed frequencies. Theory then steps in, by 
providing means for deducing the expected types of levels 
arising from given electron configurations, and by suggesting 
rules by which the ground state may be selected from amongst 
the possible levels. This matter forms an important part of the 
discussion in Chapter XVIII. We are only concerned at the 
moment with the ground states of atoms, as a basis for tlieir 
classification in relation to the familiar periodic groups. Tlie 
ground states may be regarded as the lowest levels directly 
revealed by experiment. 

Table LV presents information as far as possible concerning 
the ground states of all atoms and ions. The scheme is largely 
self-explanatory, the symbols I, II, III . . . referring to tlic 
neutral atom, singly-ionized atom, doubly-ionized atom. . . 
respectively. Isoelectronic groups appear in the vertical 
columns, under the common ground term. 

The periodic groups of atoms and isoelectronic ions are larger 
in number than the periodic groups of neutral atoms only. 
The new groups are labelled X, as VIII X, VII X, etc., at the 
tops of the columns. The corresponding electron configurations 
are given, though the method by which they are obtained has 
not been explained in full (see, however, Vol. i : Chapters II 
and IV, and subsequent sections of this text). The X-groups 
mainly arise from transitional elements and their ions. These 
ions do not, in general, conform to configurations represented by 
the ground states of atoms in any of the ordinary periodic 
groups. Clark ^2 suggested that this fact may be connected 
with many of the valency anomalies of the transitional elements. 

Amongst the configurations shown in Table LV, rf® and 
(l^,s have not apparently been thus far observed. (The comma 
in a configuration symbol denotes that the electron or electrons 
after the comma belor^, to a higher principal quantum group.) 
The reversed ground state terms, where the term of highest 
J lies deepest, in opposition to the rule (e) at the end of Section 
6iB, are denoted by 2?. The phenomenon of reversal is 
generally associated with the presence of incomplete groups of 
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p and d electrons which are more than half filled, for example, 
p^y p^y d^y d'^ and so on. The same occurs in the rare earths, 
containing / electrons (omitted from Table LV). Anticipating 
the results of Chapter XVIII, it may be pointed out that s^, p^, 
d^^ and form closed filled groups of electrons. 

The specification of a term, as previously stated, follows the 
following plan : (a) the multiplicity 2? == 25 + i is given as a 
small upper prefix before the term symbol, which is (b) given 
as 5, Py Dy F according as Z, =: o, i, 2, 3 respectively, and is (c) 
followed by the inner quantum number / as a lower suffix. 
The specification is therefore or so that from the 

term symbol L, 5, and J may easily be found. Thus for the 
ground term of chromium ’5 3, we have L=o, 5 == 3, / — 3 ; 
for that of iron L ~ 2 , S 2, J = 4. Since J — L S, 
the term of highest J lies deepest and the reversal mentioned 
above occurs (for normal terms, the lowest has J — L — 5).’'® 

It is not usually necessary to include the principal quantum 
number in the specification of a term, for resemblances between 
elements of the same Periodic Groui^ are best illustrated by 
common ground state configurations, in which principal quan- 
tum numbers, which are affected by the number of completed 
groups in an atom, are ignored. Tlie completed groups become 
less important from the standpoint of the spectroscopic classi- 
lication of the elements (Vol. i : Table XIII). If, however, for 
any purpose it is desired to show principal quantum numbers, 
the term specification may take the form n^Lj, as in Li 2 ^S^, 
Na 3^5^, and so on. 

The ground states of atoms and ions are considered in the 
following sub-sections, according to their multiplicities. An 
extensive list of references to recent work is provided, which 
may be regarded as supplementary to the useful list given by 
Gibbs,®® which covers the period of the years 1920 to 1931. 
References in Gibbs' paper have not been re-duplicated here. 

(A) Singlet Systems. The derivation of lines from singlet 
terms is represented diagrammatically in Figure CIII. The 
only ground states which occur are the lowest level ^Sq, cor- 
responding to the configurations s®, s®/)®, d^^. Transitions 
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excluded by the selection rules are shown on the right hand side 
of Figure CIII. (No significance is to be attached to the equal 
spacing of the levels.) 

The simplest case of configuration is provided by the 
singlet systems of, or '' parhelium.'' (The triplet 

system, due to the state is associated with '' orthohelium ; 
the names were originally chosen because it was thought that 
two kinds of gas were present.) The calculation of the energy 
terms of He by Hylleraas^® may be noted, as a treatment of the 
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Figure CIII. — Origin of Singlet Sequences of Terms (S = O). 


“ three-body '' problem. This marks a definite advance. " Up 
to the present, no exact calculations of energy terms of atoms 
having more than two valency electrons liave been performed. 
Smith^’ found the quantum defects of parhelium and ortho- 
helium to be o*i6o and 0*289, against Hylleraas’ calculated 
values of 0*122 and 0*230 respectively. The work of Hylleraas 
has also been largely confirmed by that of Edlen.^® It is found 
that screening constants and quantum defects of the type of 
equation (17) of Chapter XVI may be assigned to two-electron 
systems. 

Lill®® has a similar spectrum to Hel, and contains singlet 
(parlithium) and triplet (ortholithium) terms. Belli is also of 
Hel type, as are also BIV and CV.®® 

In what follows, references to Gibbs’ monograph®® are omitted 
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but should be understood to be included. Additional references 
are given. 

The isoelectronic group from Bel to FVI has been much 
studied BII,®* NiV,38.4i,42.4s 

FVI.^® Corresponding groups are : — Mgl,*®’*® 
A1II,<»« SiIII,« PIV,®9 SV,®» CIVI, (NeVII), KVIII« ; Znl, 
Gall, Gelll, AsIV.«« SeV, BrVpi ; Cdl,«® Inll, SnIII, SblV, 
TeV : Hgl,8® ®® ®« Till, Pblll,®® BilV. 

The metals of Group IIA, Cal, Sri, Bal, Ral®’, have no 
isoelectronic groups with singlet ground terms, except that 
YII®* is isoelectronic with Sri, and is found to have the s® 
configuration. 

Inert gases after helium have the closed s®/)* configuration, 
and form isoelectronic groups as follows : — Nel,®* *®’*^’®®’®® 
Nall,®®’®® MgIII,«® «® AlIV,®*’®® SiV®®; AI,®®’«« KII, Calll ; 
KrI,®®’®®’®’’®® RbII,«» SrIII ; Xel,®»’” CsII,’®-” Balll ; Rnl,®® 
Rail. 

Of Nil, Pdl and PtI, only Pdl®® has the rf®® configuration, so 
far as is indicated by the present data. The following pro- 
bably have the i®® ground state : — Cull,’®’’® Znlll,” GalV, 
GeV,’8 AsVI,’® SeVII,’8’8® BrVIII’® ; Pdl,®® Agll,’® Cdlll,’® 
InIV,’» SnV,’» SbVI,’® ’® TeVII,’*’’® IVIII’® ; AuII,®*®® Hglll,*® 
TIIV, PbV, (BiVI). 

(B) Doublet Systems. The ground terms of elements in 
Groups I, III and VII of the Periodic Classification belong to 
doublet systems. The corresponding configurations and ground 
terms are Group I, s,®Sj ; Group III, s®/),®Pj and d.s^.^D. ; 
Group VIT, s®^* ®P,,. Further cases giving rise to doublet 
ground terms, but only corresponding to ionized atoms, are : — 

; d, (see Table LV). It is observed that doublets 
occur for atoms and ions having one valency electron only, or 
for cases where the electron configuration is one electron short 
of a completed group, as in s®/>® and d^. In Group III, where 
there are three valency electrons, there is only one electron 
out.side closed groups, as s® is itself complete. The system of 
doublet terms is shown diagrammatically in Figure CIV. 

Of the hydrogen-like atoms having one s electron. Hell 
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(ionized helium) has already been considered (this Vol. : 54, 55, 
60). Other members of the group are Lilll, BelV and BV 
(references in 

The alkali and noble metals give the following groups : — Lil, 
Bell , 39 Bill, CIV, 4 i ^yAiA2Az yYIV^ ; Nal, Mgll, 

Aim, SiIV,«^ PV, SVI, Civil, (AVIII), KIX^; KI, Call; 
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Figure CIV. — Origin of Doublet Sequences of Terms (5 ~ J). The 
separations of the levels are not to scale, the arrangement being diagrammatic. 
According to the Landc interval rule, separations of multiplets depend on the 
/ of the higher of the two levels ; they decrease in the ratio 3/2 : 5/2 : 7/2 for 
the first principal, diffuse and fundamental doublets respectively. A is the 
c(jehicient of magnetic interaction between L and S (see text). The relative 
intensities are shown in the form 2:1, etc. 


Rbl, SrIP“ : Csl, BaIP®’8« ; RalP’ ; Cul Znll,” Galll, 
GelV, AsV, SeVI, BrVIPi ; AgI,*»-« Cdll, Inlll, SnIV, 

SbV, TeVI ; Aul,*® HgII,«2-»2.93 TIIII,**-*® PblVP* 

The boron-like atoms and ions fall into the following 
groups:— BI, A 1 I,»« 

Sill/* PIII/« SIV/» (AVI). KVII,« CaVIII"; 

Gal, Gell, AsIII, SelV, BrV®i ; Ini, SnII, Sblll, TelV ; Til, 
Pbll,®*’®® ; BillP®!. As in the case of the alkali metals, the 
terms are nearly hydrogen-like. 
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The remaining atoms of Group III, having the configuration 
are Scl^ ; Hfll ; Yl^ ; It will be remem- 

bered that Bohr predicted that the lowest level of ScIII would 
be a 7 ) term. Members of the ScIII group, having the con- 
figuration d, are ScIII,^« TilV, VV, CrVI, MnVII ; YIII/^>8 
ZrlV, CbV,io 3 MoVP« 3 ; Lalips^o^ 

Ions of Pdll type having the configuration are represented 
by ZnlV,^"^’^®^ CdIV and HglV.^®® The further members of the 
group, such as GaV, GeVI. . . , have apparently not been 
observed. It may be noted that doubly-ionized Cu, Ag and Au 
have the configuration d,^s (quartet terms). 

The halogen-like ions have been identified as follows : — FI, 
NeII,«2.io6 NaIII ,«4 io 7 MglV^^ AlV^o^ ; QI, All,!®® KIII,ii® 
CalV!!! ; Brl,!!2 Krll^i^'ii^ ; II,ii2.ii4 Xell^®. The configura- 
tion of the ground states is s^p^, corresponding to the reversed 
term 

In the above, in all cases including those where no number is 
given, reference should be made to Gibbs’ monograph®^ 
for furthei lists of papers dealing with each particular 
case. 


(C) Triplet Systems. The development of triplet systems 
is illustrated in Fig. CV. The more intense lines are shown by 
thickening in the corresponding transitions. The intensity 
ratio of the three lines of the principal series is, according to 
rules set forth' (this Vol. 59), 5:3:1. The same holds for 
members of the sharp series. Even and odd levels are denoted 
by g and u, transitions occurring between unlike levels. When 
transitions excluded by the selection rules are omitted, it is 
found that each line of the diffuse and fundamental series has 
six components, three of which are relatively strong. 

Orthohelium and the triplet terms of the alkaline earths arise 
from the state but since these are not ground states, they 
are not further considered here. 

The following summarizes available information about the 
ground states of triplet systems, the references given being, as 
before, only those not given in the summarizing paper of 
Gibbs :— 88 
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Figure CV. — Origin of Triplet Sequences of Terms (5 = i ) . According 
to the new quantum mechanics, the angul ar mom enta corresponding to 
L, S and J are given by VL{L + i)hl2v, V5{54-i)A/27r and ^J{J-^i)hj 2 Tr 

respectively. 
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(D) Quartet Systems. Figure CVI shows the origin of 
quartet terms, with one S, three P, four D and F components. 
The principal and sharp series show three lines for each principal 
quantum transition, the intensities being in the ratio 3:2:1. 
There are eight and nine components in the D and F series 
respectively. The levels are shown as even (g) or uneven (u). 
Atoms and ions having quartet ground states are as follows : — 
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Four is the highest multiplicity of terms observed with s and 
p valency electrons only. It is observed that nitrogen occupies 
a central position in the series from beryllium to neon in respect 
of multiplicity and corresponding valency : — 
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(£) Higher Systems, including Rare Earth Elements. 

Quintet systems are represented by (a) rf®, 5^ Fel, OsP®’ ; 
(b) d\ s (^F,) Rul ; (c) d\ s2 (sDo) WI, UI ; (d) d^ (®Z)o) Cbll. 

The following atoms and ions appear to have sextet ground 
states : ^(a) d\ (« 5 j) Mnl,i“ ; (b) d\ s (®A) Mai, 
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X 7 eip«o,ir,i . (c) s («/),) Cbl, WII ; (d) (» 5 ,) CrII, Mnlll, 

FelV, CoV, NiVI, Moll.' 

Apart from rare earths, the only septet systems identified 
are \—d\ s (’.S3) Mnll, Mol. 

The atomic numbers and ground states of the rare earths 
from cerium to lutecium are usually assigned as follows : — 


[La(57)] 

Lu(7i) 


l‘r(su) 

*Ki} 


•/ V 

Sm(6j) 




Yb(7n) 
•7/« A* 

Tiu(r)«>) 
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Ho(b7) 

A 

Ds(66) 

A 

Tb(r,s) 

A 



The multiplicities of ground states are grouped symmetrically 
about gadolinium, which has maximum multiplicity 9. This is 
evidently connected with the reversal of terms, previously 
noted, in the second halves of incomplete groups. The ground 
state spins, derived by equation (7), are shown in periodic group 
relationship in Figure CVII.®^ 

According to the theory of inner building,'' just as the 
transitional elements in the periodic table are accounted for by 
addition to groups of d electrons after a level of higher principal 
quantum number has been commenced, the rare earths are 
explained by addition to the 4/ group of electrons, which is still 
unaffected at lanthanum [Z = 57). Lai has d, (^T)«), whilst 
the next element, the first rare earth cerium, is given /, d, 
(W4). Successive addition to the /group of electrons brings 
completion with at lutecium, which thus has the same ground 
state configuration as lanthanum. The following scheme, in 
which lanthanum is included for comparison, collects together 
information about the rare earth ions, so far as they appear to 
have been studied up to the present : — 
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References eire in in addition to those given above. 

Up to 1922, only singlet, doublet and triplet terms in spectra 
liad been recognized, so that, although the lines of elements 
at the two ends of the periodic table had been fairly well 
accounted for, the spectra of elements in the middle of the scheme 
were not understood. It was realized that the latter were very 
complex, and they were regarded as anomalous in some way. 
The experimental analysis of the spectrum of manganese by 
Catalan,^®® and of chromium (in part) by Gieseler,^®® cleared the 
way or further developments. Sommerfeld^'^® showed that 
many of the lines arose from systems having higher multiplicity 
than three. The theory of complex spectra was thus brought 
into line with the theory which had been found satisfactory in 
the simpler cases. The suitable employment of the inner 
quantum number, as explained in this chapter, brought complex 
spectra into the scheme. This constituted a noteworthy 
advance. 

(F) Anomalous Gases, {di) Primed Terms, Certain lines of 
anomalous type were early noticed by Rydberg^’^ in the spectra 
of calcium and barium, and by Popow^’^^ the spectrum of 
barium.. Calcium has normal singlet and triplet systems ; tlie 
I)rescnce of furtlier series of terms converging to limits cor- 
responding to negative ionization potential were observed by 
Gotze.^'^® In such states, the atom has more than enough 
energy to ionize it, although the usual number of electrons are 
undoubtedly present. The explanation in terms of two 
electrons, both excited, with the energy distributed between 
them, was given by Bohr. The phenomenon of the simul- 
taneous transition of two electrons was discussed by Russell 
and Saunders® and others.^’^'^’^® The description involves the 
introduction of accented, duvshed or primed terms, as ^P'^. 
For combination between primed and unprimed terms, the rule 
AL ~ ±2 or 0 holds : between primed and primed terms, the 
usual condition AL ^ ±1 is valid (see this Vol. : 59B). 

Primed terms were found by Bowen and Millikan^’® in the 
spectra of Mgl, AlII, Silll. . . and of Bel, BII. . . , as well 
as of the three valency electron atomic systems All, Sill. . . 
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and CII, NIII, 01 V. Paschen^’^ described examples of two- 
electron transitions arising in Hel, Bel and AlII. On the 
other hand, RosenthaP^® attempted to extend the helium 
spectrum by excitation of both electrons without definite 
result. 

According to GouHsmit and Cropper, no more than three 
electrons can perform a transition simultaneously. 


(b) Inverted J'erms and Abnormal Sequences, Rules given 
above lead to the expectation that in doublet terms of atoms 
having one valency electron, the term of lower J will lie deeper 
in the atom. It is well known, however, that this condition is 
not always fulfilled. For example, in the potassium spectrum, 
whilst the terms are normal, the ^Z) terms are inverted p®® 
in the rubidium spectrum, both and terms,^®^ whilst in 
that of ccesium, the 2^F terms, are inverted. ^®^ Reversals of 
the Balmer lines of hydrogen have been studied by Nagashima.^®® 
The normal progression of term intervals with increasing n 
is for steady diminution up to the sequence limit. Sometimes, 
however, the intervals begin to increase after an initial decrease ; 
this is the case in the separations of the 

calcium spectrum. The term intervals begin to increase after 
n ~ jy falling off again after w = 9. Similar observations have 
been made for AlII. In the arc spectrum of copper, both 
inversions and abnormal sequences of terms have been found. 

It is outside the scope of this work to discuss the origin of 
these abnormalities in detail, but in a general way it may be 
said that it is supposed that certain terms may in certain 
circumstances affect or perturb '' each other. Langer^®^ 
treated these anomalies by perturbation theory and the new 
quantum mechanics. The theory was extended by Shenstone 
and Russell,^®® who found the term formulae (16) and (17) of 
Chapter XVI for Cal, Bal, Hgl and Cul to take on a more 
complex form 


F. = 


RZ\ 




(12) 


where a foreign term (represented by perturbs the sequence, 
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and therefore the series of lines corresponding. Calculations of 
atomic energy levels by a perturbation treatment (to a first 
order approximation) were carried out by Slater^®® and 
Condon. 1 ®^ It is probable that the inversion of alkali doublets 
may be attributed to perturbation. i®® For further information, 
the cited literature may be consulted (see' also ^®®). 

(c) Forbidden Transitions. Exceptions to the selection rule 
for the serial quantum number L may occur. Thus Datta^^® 
found lines in the absorption spectrum of potassium vapour 
corresponding to transitions of the type ^s~^md, where AL =2. 
vSimilar observations have been made on other alkali metals, 
and in the potassium emission spectrum^ in which case Foote, 
Meggers and Mohler^®‘^ found the pair of lines corresponding to 
the first sd transition to be amongst the most intense observed. 
Prokofjew^*-*® has calculated the transition probabilities for such 
forbidden cases, and finds them of the order 10 “^ to 10“ ®. 
Bcirtels^®^ studied forbidden transitions in the sodium arc 
spectrum for higher values of 11 from 6 to 18. Swings and 
Edlen^^'^ reported forbidden lines in tlie spectra of nebiiltX', 
where the conditions of excitation are very intense, at tem- 
peratures of the order 100,000'". Foote, Takaminc and 
Chenault^®’ found that exceptions to the selection rule for J 
rarely occur. 

(d) A Nci& Kind of Spectrum, In 1933, Beutler^®^ reported 

work on the absorption spectra of metallic vapours, in which it 
appeared th,at in order to account for the observed lines it was 
necessary to postulate that the valency electron of normal 
series remained in its orbit, and excitation of an electron in a 
closed group beneath it took place. Such spectra have been 
designated by suffix letters 6 or c placed above the symbol for 
the atom concerned. Thus in HgP, it appears that the lowest 
term is associated with the configuration d^.s^p the 

excitation occurring in the d^^ group of the normal Hgl d^^, 5^ 
(^ 5 o). Similar results were reported on CdP^®® and 

The results have been extended to the alkali metals, where the 
transitions pH (^P^, «) were found in 

Rbp2oi Csl^®®2 jn the case of Til, two possibilities 
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arise: Til*' and TIP d^^,s^p->U\s^p - It 

appears that the term levels of CsP and TII^’ closely approxi- 
mate to those of Bal and Pbl respectively. 
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LINE SPECTRA AND THE PERIODIC CLASSIFICATION 

63. The Magnetic Energy Levels of Hydrogen 

Tiik Periodic Classification of the elements assumed very nearly 
its present form about the year 1870, as a result of the insight of 
Mendeljeeff and Lothar Meyer in the interpretation of chemical 
and physical data. The discovery of atomic periodicity was 
made at least eight years earlier (Vol. 1:2). The importance 
of the new method of classification soon became clear, but the 
full significance was not realized until many years later. The 
group periodicity of the elements is the most important 
co-ordinating principle known in physico-chemical science. It 
may aptly be described as constituting the corner-stone of 
modern atomic physics. Within its hospitable boundaries, the 
table finds shelter for 90 atoms and their isotopes, and, with 
simple suitable modifications, for their ions also (Table LV). 
The pioneer work of Mendeljeeff has proved of abiding value. 

From the earlier standpoint, the leading advantages of 
classifying the elements in the Periodic Table may perhaps be 
stated under the following three heads : — (A) the Table 
summarized an array of facts, bringing together elements 
of similar kind and valency possibilities into families or 
groups '' ; (B) it enabled gradations of chemical and physical 
properties to be traced conveniently from one member of a 
given group or period to other members ; (C) it afforded for the 
first time the possibility of prediction of the properties of 
elements and their compounds which had not been isolated 
experimentally. All these advantages remain to-day, but the 
full meaning of the discovery awaited the advent of the 
electronic theory of atomic constitution. 
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The periodicity of the elements, first deduced from chemical 
properties, is now found as a necessary consequence of the 
interpretation of spectra. It has been found that an indepen- 
dent and purely physical argument can be stated which leads 
to the Periodic Table in all its essential details. The exposition 
of the inward nature of the periodicity of 'the elements is one of 
the greatest of the achievements of modern physical science. 
It should not be forgotten, however, that the physicists have 
owed much to the patient labours of the chemists of an earlier 
generation. 

The hydrogen atom forms a natural starting-point for a 
discussion of the structures of other atoms, being unique in the 
respect that it yields no doubly positively-charged ion, so that 
it may be assumed that only one extranuclear electron is 
present. The simple structure of nucleus and one electron 
formed the basis of Bohr and Sommerfeld's treatment of the 
hydrogen spectrum, the levels obtained forming a standard of 
comparison in discussing the spectra of the alkali metals and of 
more complex cases. The language of the orbital model will 
be used in this section. 

Bohr's theory of quantized circular orbits led to a scheme of 
energy levels, which on account of observed fine structure was 
modified by two extensions in the case of hydrogen and ionized 
helium, in (a) the use of elliptic orbits, and in (b) the intro- 
duction of electron spin. It now becomes necessary to observe 
that a third addition to the theory is necessary to account for 
magnetic phenomena. 

Magnetic fields cause remarkable changes in spectral lines, 
whereby they break up into components. The influence of a 
weak magnetic field is known as the Zeeman Effect, and that of 
a strong field the Paschen-Back Effect. It is found, as a result 
of considerations here to be advanced, that the wave-number 
separation of the first Balmer line in the Zeeman Effect of 
hydrogen would be of the order of 0*5 cm.“\ so that it is not 
very surprising that no observations have been made. Never- 
theless, it is possible to observe the Paschen-Back Effect of the 
hydrogen Balmer series, where the separations are larger.^ The 
results are in general accordance with theory. The lack of 
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experimental data on the Zeeman Effect of hydrogen might be 
regarded as an indirect confirmation of the theory, since it 
predicts very small separations, which might easily be too 
slight for resolution with apparatus at present available. The 
theory also brings hydrogen into line with the other atoms 
having one valency electron, whose Zeeman patterns have been 
investigated. 

The interesting fact then emerges that when the further 
changes are made in Bohr's theory of hydrogen to give the 
magnetic levels, these provide a kind of framework of the 
structure of all the other atoms in the periodic table. The 
hydrogen levels fall into certain closed groups, which are after- 
wards reproduced as they become filled with electrons with 
increasing nuclear charge. Atomic, hydrogen may thus be 
regarded as providing a miniature periodic system in itself. 
'Fhe corresponding orbits, however, become very much modified 
as they become filled with electrons. 

The circular orbits provided a basis for the introduction of 
the principal quantum number n, which took the values 1, 2, 
3. ... 00. For each n level, Sommerfeld's extension to elliptic 
orbits required n sub-levels, now characterized by different 
serial quantum . numbers /, such that I takes the values 0, i, 
2. ,, {n - i). Electrons having I ---- o, i, 2, 3, are said to be 
s, p, ^/, / electrons respectively. The addition of the conception 
of electron spin required an inner quantum number j such that 
for hydrogen y takes positive values I — s I — \ and / -f- s 
I + L where s is the spin quantum number s = | for all 
electrons. Following this rule, for I o,j \ only, for / i, 
j \ or I , and so on, giving an energy level scheme like that 
of Figure CIV. 

In a weak magnetic field, the spectrum of atomic hydrogen 
becomes much more complex, indicating a further sub-division 
of the levels. In the absence of a magnetic field, it must be 
supposed that levels having the same w, I, j have the same 
energy term value, this supposition being sufficient to explain 
the observed fine structure. When a sufficient magnetic field 
is applied, however, the terms split up once more, each taking 
its full quantum ** weight " by dividing, for each value of/, into 
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2j + I components. The experimental results require the 
supposition that witliout an external magnetic field the 
angular momentum vectors represented by j may assume any 
direction in space, although for a given level the I and s vectors 
are placed so that the angle between them is constant. The 
magnetic field compels the j vector to take up only one of a 
discrete set of directions with respect to the field direction. It is 
ncce.ssary to introduce a magnetic quantum number m which 
represents these values of^. 


H 



I'lGURE CVlIl. — Diagrammatic Precession of Angular Momenta of a 
Single Valency I^lectron around a Weak Magnetic I'ield H, (Zeeman 

Effect.) 

Figure CVIII represents the state of affairs in a weak mag- 
netic field. The I and s vectors, measured in the new quantum 
meclianics by I* — -s/li}, -f i) and s* — s{s -j- i), maintain a 
fixed angle between their directions and precess about their 
resultant y* = '^j{j -f- i), which in turn precesses about the 
direction of the magnetic field of strength K. The quantum 
conditions are such that m represents the resolved part of/* 
along the field direction, in such a way that m can only assume 
the discrete set of values j, j — i, j — 2. . . —j. This gives 
2 j -f I magnetic levels (see Vol. i : Chapter XI). The settings 
of j* are shown for the ‘^P?. state in Figure CIX. Here j* — 
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VJj X i 1-936, and possible values of m are !!, 4 , — 

The angles 6 between m andj* are given by m j*cosO. 

A quantity is next introduced, given by ^ ^ {j + |)/(^ + i) 
for doublet terms, known as the splitting factor,’' from which 
values mg are calculated giving the fractions of the fundamental 
Lorentz unit ” [Aw] by which the frequencies are displaced 
in a weak magnetic field. The Lorentz unit is derived from the 



Figuric CIX. — Ortrntation Diagram of an Atom in a -P.;! State, . 
Showing the Zeeman T.evkes in a Weak Magnetic 1'ielu. \^;j 

Larmor precession frequency in a way which need not concern 
us here (see Vol. 3 : 8A), being given by [Atiii] - Hej^irm^c^, 
where e = electronic charge ^ 4*770 X 10-^® E.S. units, 
77 = 3*142, electronic mass ^ 9*035 X lo-^s gram, and 

c velocity of light 2*998 x 10^® cms. per second. When 
the substitutions are made, it is found that [Aini] X 10-® // 

cm.“i (The expression [Aud] eHj^rrmj: sometimes given 
refers to e in E.M. units.) When the splitting factor is used, the 
separations of the Zeeman levels for the state are as shown 
on the right of Figure CIX. 

The wave-numbers F of Zeeman levels are now. given for 
doublet systems by subtracting from the terms given by equa- 
tion (9) of Chapter XVII the above correction, as follows : — 

^.&i±Jl-R±A r »(» + ...(I) 

where ~ Rln'^ for hydrogen, A is the coefficient of 
magnetic interaction previously defined, given by A 
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5*82/[n®/(/ + 1) (/ + i)], and the other symbols are as defined 
above. Figure CXI I shows the Zeeman splitting of the and 
terms for an arbitrarily chosen weak field. (It may be 
remembered that in hydrogen (see this Vol. : 6o) the levels of 
the same j value appear to coincide ; tjius and are 
coincident. This need not affect the present argument, for the 
coincident levels may be thought of separately under their 


^ A 



Figure CX. — Diagrammatic Precession of Angular Momenta of a 
Single Valency Electron in a Strong Magnetic Field // (Paschen-Back 

Effect). 

different term designations, and these levels do actually become 
separated in one- valency electron atoms with increasing nuclear 
charge.) 

In the Paschen-Back Effect, the magnetic field, perhaps of 
the order H ^ 30,000 gauss, breaks up the coupling between /* 
and s*, so that there is no longer a resultant y*. The and s* 
vectors process independently about the direction of the 
magnetic field, as suggested in Figure CX. The rule formerly 
applicable to j* now applies to both I* and s*. The vector 
takes 2/ + I values nti I, I — x, I — 2, , . —I, and s* the 
2 values w, = s, — s. (Since s = ^ for all electrons, only two 
values are possible.) The orbital magnetic quantum number 
and the spin magnetic quantum number bear the same 
relation to Z* and s* respectively as m bears toy***, as explained 
above. The vectors represented by and are thus the 
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projections of and s* on the direction of the applied field, 
the angles 6 and 0 between them being given by = l*cos6 
and = s*cos0. 

The Paschen-Back terms are then found to be given by the 
following expression (Vol. 3 : 8A) : — 

F ^ Fq “ {mi + 2w,)[Jte;] — Amim^ (2) 

H 




Figure CXI. — Space- Quantization Diagrams for p and d Electrons 
IN a Strong Magnetic Field (Paschen-Back Effect). (For 5 = s* = \!'\ ^ . 
0-866; iorl = i, /* = ^2 = 1*4^4; for / = 2, /♦ = \/6'= 2-449.) 

The correction introduced by the third term on the right hand 
side of (2) is relatively small and sometimes zero. 

The Zeeman levels in weak fields can be correlated with 
corresponding Paschen-Back levels, as the connecting lines of 
Figure CXII show. A convenient rule for drawing up such 
schemes is due to Breit.^ It consists of combining mi with 
according to the rule that 

m = my A- '^s • • ’ ( 3 ) 

This follows from the conservation of angular momentum, 
according to which the sum of the projections on H of the 
various angular momentum vectors must be the same for all 
field strengths. Breit sets out possible values of and on 

573 



THE FINE STRUCTURE OF MATTER 


[xviii 63 

lines drawn at right angles, the values of w being enclosed 
between them, as obtained by summation. A dotted line is 


No Field Weak Field Strong Field 



Doublet Effect Effect 

Figure CXI I. — The Zeeman and Paschen-Back Effects of Doublet 
S' AND P Terms. The value of [ a te;] is 4 • 673 X io~ •"'//, where H is the strengtli 
dI the magnetic held (see text). The helds are chosen so that the strong held 
is about 8 times the weak held. 

then drawn as follows to separate the Zeeman components of 
the two terms of a doublet, as follows — 


p electron / = i 

mi ------ -I- 1 o —I 

m -- +11 -i nts = +i 

nt — — I ; — '2 ms = — I 

2pj 2p. 
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d electron / 

= 2 


nil = -1- 2 

+ i 

0 

— 1 

— 2 


in = 


4- 

_JL 

a 

.1 

ms = -l-J- 

m = H-:j 

Cl 

-i 

:i 

”2 

i "^5 

1 

1 fits =r — i 


The values of nii above, and of on the right of any given 
value of m must be chosen for that value of pi. Thus for 
m = I, we have = 1,^5= —J, and so on. 

In the upper part of Table LVI, values of g, m and mg arc 
shown for the S, P, D doublet terms (applicable to hydrogen 
and the alkali metals, Zeeman Effect only). In the lower part, 
the Zeeman and Paschen-Back levels are correlated for 5 and P 
terms. It is observed that in ^P^ m \ and ^P, m ^ -■ — the 
values of ifii + and miin^ A coincide, so that these two run 
together in the Paschen-Back energy terms. A careful study 
of Figure CXII should make these points quite clear. 

The selection rules governing transitions are : — Am and Anii, 
T;i and o only, Am^ o. Some transitions are shown in 
Figure CXII on the basis of these rules for the first line of the 
principal series of doublet terms. The observations on the 
Paschen-Back Effect of are in good agreement with the 
theory.® Corresponding levels in P states are denoted by 
lettering a, b, c, d, e, f for the two Effects in Figure CXII. The 
Zeeman Effect of the triplet lines of the diffuse series of hydro- 
gen and the alkali metals is calculated in Vol. i : 30 and shown 
in Vol. I : Figure XXXII. 

Where one valency electron only is present in an atom, the 
values of L, S, y, M, and are necessarily identical 
with /, s, j, m, mi and respectively, by the convention 
adopted, according to which capital letters are used for whole 
atoms and small type letters for individual electrons. The 
small letters are used here throughout, but in dealing with 
atoms containing more than one valency electron it will be 
necessary to use capitals. 
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XVrn 63] THE MAGNETIC ENERGY LEVELS OF HYDROGEN 

This discussion has been inaugurated with a view to deter- 
mining the probable number of levels of hydrogen in a magnetic 
field, rather than with the object of elucidating the Zeeman 
and Paschen-Back Effects, which are treated elsewhere. The 
scheme in Table LVII is derived from the consideration, based 
on Table LVI, that the numbers of levels in a weak magnetic 
field corresponding to terms ^ 5 ^, ^Dp ^Dp are 2, 2, 4, 

4, 6 respectively, and for and (not shown), 6 and 8 
respectively. The total number of levels in a magnetic field 
for a given value of the serial quantum number I is 2(2/ + i), 
for both weak and strong fields (see further this Vol. : 64D). 

The scheme of Table LVII may be extended, if necessary, to 
higher values of n. It is observed that the maximum number 
of levels for a given value of n is always 2^^. (It does not 
affect the argument that some of the levels overlap in hydrogen.) 
The configurations of the hydrogen levels may be written, 
commas denoting increasing principal quantum number, as 
s^, s^p^, s^p^d^^, . . , so that the closed groups of 

levels of the same I are the same as those required as they 
become filled with electrons with increasing atomic number. 
This will become clearer in the subsequent discussion, but it 
may be noted here that the scheme gives the atomic numbers of 
the rare gases correctly : He Z = 2, Ne 2 + 8 10, 

A 2 8 -f" S 2 “j- 8 -j- 18 -j- 8 = 2 4 “ 8 “f" -f- 

18 4- 8 = 54, Rn 2 + 8 + 18 + 18 -f 32 + 8 = 86, where only 
closed groups are used, and eight electrons always form the 
last group. The scheme agrees with the assignments made by 
Bohr in his general theory of atomic structure, and with the 
number of possible levels for given n, I, j assigned by Stoner^ 
and Main Smith. ^ See also 

The term specifications, in the case of atoms of higher atomic 
number than that of hydrogen, refer to levels partly within and 
partly without the atomic systems. The same electron 
distributions are suggested by the frequencies of emission of 
X-rays (Vol. i : 8), and by their relative intensities.® The 
X-ray levels in atomic interiors merge continuously into the 
outer optical levels. The conclusion is reached that the term 
designations of levels within atoms, in the X-ray region, are 
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Table 1. VII.— NUMBER OF ENERGY l.EVELS OF HYDROGEN IN A 
MAGNETIC FIELD. 



analogues of corresponding optical levels in excited hydrogen. 
Tables III, V and VI of Vol. i : Chapter I may be conveniently 
studied from this point of view (see also the Periodic System 
as drawn up by Bedreag® and this Vol. : Figure CXXIII). 
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It follows from the above that for I o, an s electron has two 
magnetic energy levels in hydrogen. In other words, is a 
completed group, which is found with two electrons present in 
helium. Similarly for / = i, a ^ electron has six corresponding 
energy states, so that is a closed group, and other completed 
groups are and These numbers are actually those required 
to account for the structures of atoms in general. It seems 
desirable to think of s, p, d and /electrons as requiring 2, 6, 10 
and 14 electrons respectively to form completed groups : indeed, 
these types of electrons might have been defined in this way. 

The way in which the numbers of electrons for different n, I 
and j values arise may be studied a little more closely. In a 
weak field, for a given / the number of magnetic levels is 
2j + I, so that for 7 — / + | and/ = I — the total number 
of electrons for given I is {zj + i) + (2/ + 1) ^2(/ + i) + 

X 2{l — \) + I ^ 2(2/ + i) as observed. Similarly, in strong 
fields, the number of for given / is 2/ + i, and the number 
of is 2, so that the total number of combinations is again 
2(2/ + i). The total number for given w is ^ 2(2/ + i)> where 
/ o, I, 2. . . w terms, or 2 + 6 + 10 +. . . to w terms. 
This sum is \n\j\ + /{{n — i)] = 2n^ by the rule for summation 
of an arithmetical progression, in agreement with what was 
found above.'^ 

It is important that- spectral terms sliould not be confused 
with electronic levels. Where a single electron is concerned in 
emitting radiation by undergoing transitions between different 
levels, as in the case of the hydrogen atom, or in that of the 
sodium atom Nal, it is legitimate to identify terms with levels ; 
this is, however, not the case where two or more electrons are 
concerned in term formation. It is therefore necessary to 
connect spectral terms with atomic energy states and not with 
the levels of individual electrons, as represented by their 
quantum numbers. 

In the new quantum mechanics, characteristic solutions of 
the wave-equation applied to hydrogen involve constants which 
must be identified with n, I and which are such that w = i, 
2,3, . J =0,1,2, .. {n — i), and = 0, ±1, ±2. . . ±1, 
in exact agreement with the findings of this section. 
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Summarizing, the optical levels of hydrogen appear to be 
given as in Table LVII. As electrons are added with increasing 
atomic number, they fill the same groups which are found in 
these levels. The number which may enter a given group is 
limited to 2«® for given n, and to 2l{l + i) for given 1. The 
optical levels of hydrogen thus find correspondence in the levels 
of all other atoms. As the nuclear charge increases, however, 
the energy for a given level increases relatively to that of the 
corresponding level in excited hydrogen, so that no more than 
a formal or analogous relation exists, although the numbers of 
levels in completed groups are exactly equal. (It is sometimes 
convenient to speak of optical levels, such as Bohr’s stationary 
states, which may be unoccupied by electrons, as " virtual ” 
levels. The virtual levels in excited hydrogen may then be 
regarded as becoming “ actual ” as successive electrons are 
added. X-rays arise, in the suggested terminology, in the 
actual atomic levels, by reorganization of their electrons, whilst 
optical frequencies originate in the outer region of virtual levels. 
A level may be regarded as actual as soon as it has received its 
complete allotment of electrons.) 

64. The Pauli Exclusion Principle. 

(A) Introduction. The results of the preceding section 
become more clearly understood in the light of the “ exclusion 
principle,” sometimes called the ” verbot ” of Pauh.® 

According to the theory of the Paschen-Back Effect outlined 
above, a very intense magnetic field tends to break down the 
coupling between I and s vectors, so that they no longer com- 
bine to form a resultant j. In the symbolism of the new 
quantum mechanics, I* and s* cease to interact to give j*^ 
where I* — Vl{l + i), etc. In such intense fields the quantum 
numbers w, and m, appear, where m, takes the 2 I -{■ i values 
I, I — I. .. 0 . . . —{I — i), —I, and w, the two values ±|, 
and the state of the atom may be described by the five quantum 
numbers n, I, s, mi and m,. Of these, s = J in all cases, so that 
in practice only the other four numbers need be quoted. The 
case considered in the preceding section was that of hydrogen 
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where only one electron is present in the atomic system. The 
importance of strong fields is seen when more than one electron 
is present in an atom, for it is only in such fields that the 
interactions between the angular momenta vectors of different 
electrons are broken up sufficiently for quantum numbers to be 
assigned to each individual electron. It does not matter from 
this point of view that no magnetic field is available which is 
sufficiently strong to quantize every electron in an atom 
separately, since each electron of a complex atom may be 
assigned the quantum numbers w, /, and that it xmuld 
have in a sufficiently strong field. 

Pauli’s exclusion principle may now be stated as follows : In 
any atom, no two electrons at a given time may have all the four 
quantum numbers n, /, nti and m^ the same. Thus, for two 
electrons of tlie same atom, if n, I and nii are the same, must 
be different. Another imy of stating the exclusion principle is 
that in any atom there are at most 2(2/+i) electrons having the 
same values of n and /. This follows because for given I there 
are 2Z + i possible values of mi (according to the above assign- 
ment), which, combined with two possible values of m^, gives 
2(2/ + i) possibilities in all (see preceding section). Since every 
electron has a different set of the four numbers, the number of 
possibilities gives the number of electrons corresponding to a given 

I state. 

Pauli’s principle affords justification for the conclusion, 
already suggested in Section 63, that the number of magnetic 
levels corresponding to a given kind of electron (s, p, d, /, etc.) 
is the same as the number of elements which in the Periodic 
Classification are concerned with the filling of a given group. 
Thus for a given principal quantum level, say w i, we have 
two assignments of the four quantum numbers for an s electron : 


n 

1 

mi 

ms 

I 

0 

0 

+i 

I 

0 

0 

-i 



l—o 




Term »S | 
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These two magnetic levels correspond to the two elements 
hydrogen and helium in the periodic table, and the closing of 
the group. For one p electron, there arc six possibilities, 
corresponding for n 2 to the elements from boron to neon in 
the table : — 


n 

1 

mi 

m. 

2 

I 


i 

2 

i 



2 

I 

0 

+i] 

2 

t 

0 

-i/ 

2 

1 

— E 

+1] 

2 

1 

— I 




/--- 1 




Term 


Two of these combinations correspond to the term and 
four to (see Table LVI). 

Proceeding thus, there are ten ways of combining tlie four 
numbers for given n for a d electron, and fourteen for an / 
electron. These facts will be shown to be in accordance witli 
the structure of the Periodic Classification. 

Summarizing, we may say that the number of magnetic levels 
for one electron outside closed groups is the number of electrons 
of the kind in question (s, p, d, /, etc.) which are necessary to 
complete the group, and that this number is equal to the 
number of elements occurring in the Periodic Classification 
which can be connected with the filling of the group by 
successive addition of electrons, one by one, with increasing 
atomic number. 

Pauli advanced his principle on more or less empirical 
grounds, but it has been found that in the new quantum- 
mechanical treatment of the atom it finds a definite place by 
excluding certain solutions of Schrodinger's wave equation. It 
is found that solutions must be of the '' antisymmetric '' 
variety. Further discussion of this is postponed to Vol. 3 : 54F. 

It now remains for observation that the principle gives the 
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scheme of electron groups required by the Periodic Classification. 
This is illustrated in Table LVIII. It appears of the greatest 
possible importance that the physical evidence derived from 
spectroscopy should lead to the periods of the chemist’s table 
based on chemical properties of the elements and their com- 
bining capacities. 

The essential feature of Pauli’s principle is that no two 
columns in the scheme shown in Table LVIII (which may be 
extended to higher values of ri) can have identical entries. 
Since each column corresponds to a different electron, there are 
the following total numbers of electrons in the K, L, M, N levels 
respectively : 2, 8, 18, 32. The periods of the chemist’s table 
involve these numbers but not exactly in the same way : 2, 8, 8, 
18, 18, 32. The reason why the two sets of numbers do not 
exactly correspond is due to the method of building up elements, 
whereby a new level may be commenced before one already 
started is completely filled with electrons, the subsequent filling 
of this gap by later addition of electrons yielding the transition 
and rare earth series of elements. The outermost group of an 
inert gas always consists of eight electrons, except in the case of 
helium. The way in which the building occurs is represented 
in Vol I : Table III, and discussed further in the following 
Section 65 below. 

The evidence for the existence of levels of the extranuclear 
electrons is firmly established, and rests upon several indepen- 
dent lines of investigation. It is required in the theory of 
X-rays, ionization potentials and the interpretation of spectra. 
An idea firmly grounded in physical evidence and strongly 
suggested by chemical considerations may therefore be accepted 
in discussion of the interpretation of the periodic classification 
of the elements. 

Following out the conception that the states of single 
electrons (with which Pauli’s principle deals) must, in general, 
be distinguished from states of atomic systems corresponding to 
spectral terms, the following numbers are used to define atomic 
systems : — 

(i) The serial quantum number L (resultant of /-vectors of 
individual electrons, denoting system S, P, D, F. . . ) ; 
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(ii) The spin quantum number 5 (resultant of s-vectors of 
individual electrons) ; 

(iii) The inner quantum number J (vector resultant of L and 
5, denoting the total number of units of angular momentum of 
the atomic system for the given state). 

Hund® has devised methods of determining the terms arising 
in complex cases involving the interaction of electrons, and has 
provided rules for deciding which of these shall form the ground 
state. The method involves setting down the various possible 
values of the m/s and mjs of the outer electrons concerned, 
excluding values disallowed by Pauli's principle. By com- 
bination of these in all possible ways, values of and are 
derived by direct summations : Mj^ = ^ These 

are then divided into groups in a suitable way, choosing L and 
S values remembering that Mj —L, L — i, . . . o. . . 
— (L — i), — L, and M = S, 5 - i, . . . o. . . — (S — i), — S. 
This gives the terms resulting from a given combination 
of electrons, from which it is generally correct to choose (i) the 
term of highest multiplicity R (or highest S), (ii) where more 
than one term has this multiplicity, the term of highest L, to 
obtain the ground term, whose J value is then chosen as 
follows : J is put equal toL — S for p, p^, d, d^, rf®, d* groups of 
electrons outside completed groups s®, ^®, d^^, (regular 
terms), and equal to L + S for p^, p^, rf®, d’^, d^, d^ electrons 
outside completed groups (reversed terms). In other cases, the 
sign difficulty does not arise, since either Z, or 5 or both are zero. 
The rule for selecting J values of ground terms is therefore to 
choose L — S when an incomplete group of electrons is less 
than half complete, and L S when it is more than half 
complete (see Vol. i : Table XIII). The same rule appears to 
apply with reference to the incomplete / level in the rare 
earths ; gadolinium occupies a central position in the group 
with p (completed group /^^), so that before this element in the 
series ground terms may be assigned having J ^ L — S, and 
after it terms having J L + S (see Table LIX). 

(B) Derivation of Energy Terms, (a) LS Coupling, In 
order to appreciate the meaning of Pauli's principle in deciding 
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the terms appropriate to a given electron configuration, we shall 
first derive the possible terms in given cases by the use of the 
LS coupling rule (this Vol. : 58). Term symbols, it may be 
recalled, are of the type where L is represented by 

5 , P, D, P, G. . . , according as L =~-- o^, i, 2, 3, 4, . . . 
respectively. 

For the case of one s, p, d or /electron, we have the following 
scheme, the number of corresponding magnetic levels being 
included ( 2/ + i) :■ — 


Jiloctroii 

L 

S 

J 

Terms 

2)2 /+ 1 

Electron j 

L 

S 

J Terms 


s 

0 



’“Si 

2 

d 

2 

r 


10 

p 

1 

I 

h 


‘■Pi,? 

6 

/ ! 

3 


i.i 

14 


One electron gives a set of doublet terms, as in Figure CIV. 
We shall expect the term of lower J L ~ S to lie deeper, as 
generally observed. 

For two electrons, the only values of 5 are 1 + 2 ^ 

1 -- X --- 0, so that the only possible multiplicities P = 25 + i 
are ’3 and i. The scheme for the electron combinations ss, sp, 
sdy ppi pd and dd is given below. The Us are obtained by 
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vector addition of the separate /'s (/^ and l^y such that L takes 
the positive values + ^2 “ • •h — h Appendix 

on vector addition). The L's and 5's are then combined to 
give J by the coupling rule J = L + S, L + 5 — i, . . . 
L — S, where positive values alone are permitted. 

The meaning of the brackets around terms will appear later. 

The schemes may be abbreviated by omitting J values from 
the term symbols, since these are obtained in any given case 
by the LS coupling rule, and are the same set of numbers for 
given R and L (see Table LIV). 

As an example of the method of finding terms for more than 
two electrons, we will find the terms corresponding to the 
configuration sp^. For this purpose, the results on sp in the 
above scheme are combined with a p electron to give sp ^ : — 
sp ip, Si = 0, Li I, and ®P i, == i, with p 6*2 
J, /g I- Ihc results are then as shown below. 



Similar procedure may be applied in other cases. 

(b) Branching Rule {this Wo\, : 61 A). On adding an electron, 
eacli multiplet term, except singlet terms, branches '' from 
7^ to P + I and R — i. The P's of terms are obtained by the 
vector addition rule : for example, for addition oi d to p to 
give pdy li = ly I2 = 2, so that P = 2 + i, 2, 2 — i, or 3, 2, i 
(Fy Dy P terms). Examples are given overleaf. 
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i 55 

s sp* 

s sd sdp 

P pd 

p pi 


jfip^tS'PW 

jf'D-^*PUPF 


^D'F^G 




>F< 


>s 




^*D*F*G 







^*S*P*D 

*P*l)*F 






pp ppp 

*P*S *P*D*P*D*F 

< ipzS *P*D*P*D^F 

‘P‘.S *P*D*P*D*F 


dd 


•S>PW>F^G 


(c) BreiVs Method. The terms corresponding to given 
electron configurations may also be obtained by Breit's method 
of representation, using strong field quantum numbers (this 
Vol. : 63). 

The schemes below are for the spin multiplicities of two and 
three electrons, and are largely self-explanatory. 


Two lilectroMs 


Three Electrons 


«i S 

A< 1<1 .fa A, ms = 

d.-s 





= J - J 


I 0 -I ; ^ 

■'KtiS, — 0 


I 0 


•i 2 - - J ' 1 


•1 

"V. 




^hxSiSt 1 j 

0 1 

fits 

1 - i 1 -1 

1 

z 

. J 


^3 

1 msj 


in Si 

S rs 0 : I 


s =- i il j 

S = J 


P - I 3 


R ^ 2 4 ! 

R = 2 



Two electrons thus give rise to singlet and triplet terms : 
three electrons to doublet and quartet terms, and so on, as 
previously obtained. 

To obtain the terms arising from a given configuration, it is 
necessary to make similar schemes for the Vs, and combine 
these results in all possible ways with those obtained for the 
s’s. 
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Two s electrons have li = 0,^2^ o, so 

that the terms are \S and * 5 . 

For sp, li - o, /g ““ o, -I, so that 

Mi^i„ I, o, —I, and L i, so that the terms are and 

In the case pp, the scheme is 


I 0 -I 


2 10 

1 

I 

M/jj., I 0 j 

0 

0 I 

II 

1 

—I 

0 I 2 j 

i 

wi/, 


so that the terms are ^S^P^D^S^P^Dy as obtained before. 

Wc will take one case of three electrons, and for tliis consider 
pppy obtained by adding one p electron to tlic above pp. 


Mhi , - 

2 

i 

0 

— 1 

”2 

I 

0 

~i 

0 



3 

2 

I 

0 

— 1 

2 

I 

0 

1 

I 


2 

I 

0 

— I 

— 2 

I 

0 

— I 

0 

0 


I 

0 

— I 

— 2 

-3 

0 

— I 

— 2 

— I 


L == 


1 


2 

3 

0 

I 

2 

I 



The resulting terms are two sets of ^p^D^F^S^P^D^P and one 
set of 

Similar procedure may be applied in other cases. 

(d) Case of Equivalent Electrons, In deriving the above 
terms, no notice has been taken of principal quantum numbers. 
Pauli's principle here enters in, by excluding certain energy 
terms (from which the ground state must be chosen) when the 
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electrons concerned are equivalent, that is, by definition, when 
they have the same values of n and L 

The strong field quantum numbers nii and as previously 
defined, are introduced. We may commence with the simple 
case of the configuration actually found jn helium, for which 
the possible terms and are derived above. It will now 
be observed that by Pauli's principle, ^5 is excluded for 
equivalent electrons : — 



n 1 nil nis 

J^'irst Electron 
Second Electron 

I 0 0 -1 - 1 

I 0 0 — J 


Mj~~o 

7- — 0 5—0 

Term 


This term is enclosed in brackets in the scheme given in the 
preceding sub-section. If. however, the configuration is s, s, 
wlierc the principal quantum numbers are different, say 
1 , -= 2, three states are possible in a strong field : — 
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In unexcited helium and alkaline earth atoms, the 5 electrons 
are equivalent, and the ground term is (parhelium spectrum). 
If one of the electrons is excited to a higher principal quantum 
level, a triplet series of terms arises, having the lowest state ®5i, 
a single level which becomes triple in a strong field, when the 
quantum numbers are as shown above (ortliohelium). The 
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singlet and triplet series of calcium may be explained in similar 
fashion. The triplet series arises from transitions between the 
levels s, s and s, p, and so on. If both electrons are excited, say 
to p, d, then primed terms, involving two-electron transitions, 
may enter in (this Vol. : 62F). 

Pauli's principle evidently forbids a third s electron being 
added to the group when the electrons are equivalent. 

Consider next the configuration sp outside closed groups. 
The scheme shown on the previous page shows the quantum 
numbers, on the left for electrons having the same principal 
quantum number (n = i), and on the right for electrons having 
ni ~ I, ^2 ^ 2. It is then found that the triplet terms are 
excluded by Pauli's principle for electrons having the same n, 
since in this case the m/s must be different. 

We have seen thus far that certain terms, otherwise per- 
missible, may be excluded (a) for equivalent electrons (equal 71 
and /), and (b) when the /'s are different, but the n's the same. 
Only the terms surrounded by brackets in the scheme on 
l)age 586 are found to be allowed in these cases. 

The procedure adopted by Hund for excluding cases forbidden 
by Pauli's principle when the electrons are equivalent may now 
be outlined. Consider the case pp : then for one of these 
electrons all the possible combinations of 771^ and 771^ are as 
follows, lettered a, b, c, d, e, f : — 


— n 

a 

b 

c 

d 

c 

f 


-hi 

0 

--I 


0 

— I 

W/s- 

+ J 

-1 1 

+-i 

1 

a 


„ 1 

a 


All the possible ways must now be considered of choosing 
pairs for which both f 7 ii and are not alike : these are ab, ac, 
ad, ae, af, be, bd, be, bf, cd, ce, cf, de, df and ef. The number 
of ways is the number of combinations of two taken from six 
possibilities, or - 15. We may now proceed to sum up the 
^w/s and w/s to give My 's and M^'s, thereby deriving possible 
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values of L and riiis is carried through in the following 
scheme, where a line such as nii^ ^ i, = o, 

^ ±2 involves four possible combinations : — 


(iroup 


'■ 



m 

♦a 

m 

•'i 

w* 



PP 

equal 

I 

I 

1 

I 

Hi 


- 



o 

I 

o 



I 


1 O - I 

o 

o 

— 1 

±i 

-H 

o 


I 0-1 

0 

o 


-I 

o 

° 



o 


±i 

*h 

I 


I O 1 

o 

— I 

— -I 

+i 

‘-i j ^ 



o 

1 
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o 

1 

i 

S 

o 

I 

o 

Terms 

‘.s' 

»/’ 

‘/> 

1 


The way in which the L and 5 values are chosen will probably 
be apparent on careful examination of tlie above assignments ; 
the terms are then those shown. According to the rules 
mentioned, the ground term will be (highest multiplicity) ; 
further, / =- L — vS -- i — i -= o, so the full term is 

Carbon and its congeners in Group IV of the Periodic Classi- 
fication are assigned the configuration outside closed groups, 
and have therefore this ground term, since is itself a closed 
group of electrons. 

Let us consider next the Cdiseppp found in the s^p^ of nitrogen 
and its congeners in Group V. Here, considering the scheme 
given above for one p electron, we write down all the cases 
taking three at a time, in which no two are alike, as follows : — 
abc, abd, abe, abf, acd, ace, acf, ade, adf, aef, bed, bee, bef, 
bde, bdf, bef, ede, cdf, cef, def. The number of combinations 
is 20. The resulting scheme for -2 is as follows : — 
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Group 

n 

h 

/, j h 

1 




WJ, 

t 

3 

A//. 

Ms 

PPP 

2 



I 

I 

I 

0 ! ( } 

1 


±i 

J 

zti 


\ 

! 

' 

i 

I 

I 

- I 



dt^ 

1 




I 

0 

0 

±5 


- h 

I 




I 

I 

• 

1 

0 


±i 

■ 

dzi 

±i 

0 

iti 

±i±i 

I 

- 1 

-X 

±i 



- I 




0 

0 

— I 



±i 

— I 




0 

-■ 

- I 



- i 

— 2 


±1 



L 

I 

2 

0 

S 


i 

;; 

Term 

•p 

*Z) 



The ground term is taken as *S ; the J value is equal to S, 
since L = o, so J ^ :] and the full term is ‘S;;. 

For the groupings />*, and found in oxygen, fluorine and 
neon respectively, the number of combinations as calculated 
above falls off : ®C 4 — 15, ‘Cj ^ 6, — i. This reveals the 

symmetry of the group about its centre, occupied by Group 
V of the Periodic Classification. The above cases are not 
worked out here, the method being exactly that employed 
above. 

The results for equivalent p electrons may l)e given as 
follows : — 


Group 

Possible Terms 

Periodic Group 

Ground Term 

P 

2p 

IIIB 

‘p^ 


»5 

IVB 

^Po 


2p 2/) 45 

VB 


p* 

IS !/> 3p 

VIB 

^Pz R* 


2p 

VIIB 



■HHI 

0 



♦Reversed term. 
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The above clearly shows the central symmetry of a completed 
electron group (compare Figure CVII). 

When d and / groups are considered, the relations are more 
complex, but have been fully worked out for equivalent 
electrons.^® It will be sufficient if we consider the case M, For 
each electron, we have the following assignments of and 


1 

a 

b 

c 

d 

e 

f 



— 

+ 2 


o 

— I 

— 2 

+ 2 

+t 


MSBM 

+ i 

+i 


+4 

+4 

-4 

-4 

BBSH 


From this, the above method may be applied, which for dd 
leads to the scheme : — 



595 











THE FINE STIUTCTITRE OF .MATTEll [XVIII 6461! 

The ground term will be cither or ; of these, is chosen, 
having the higher L value. The appropriate value of / is 
7, — S 3 — I . 2, so that the full term is 

The ground terms derived for different numbers of d electrons 
are as follows : — 


Number of d 











electrons 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Term 





epg 

“■D4 





Example ... 

Sc 

j 

Ti 

[ 

V 

W 

Mn 

Fe 

Co 

Ni 

j 

Vd 


Similar treatment may be applied to rf/"" electrons, with results 
as shown in Table LIX, where 2: denotes the number of such 
electrons. 

vShenstone^^ has found that in some cases, particularly where 
electron groups are nearing completion, Hund^s rules may fail 
in predicting energy states correctly. It is suggested that the 
breaking down of all coupling assumed by Hund in strong 
magnetic fields is unjustified, and invalidates the method. 
Fields such as those used in the Paschen-Back Effect may be 
insufficient to break up the strong coupling of I with I, and s 
with 5 vectors, although able to affect the weaker coupling 
between the resultants L and S, It appears, for example, that 
in adding an s to a electron, only the and of the 
upper of the two doublet terms and ^p.i, should be used 

in combination with the corresponding numbers for the .s 
electron. In this way, it appears possible to include all cases 
where terms are inverted {e.g., 2 p« lower than ^p.i). 

Slater* 2 has dealt with atomic multiplets by wave mechanics, 
and finds the treatment to lead to the same results as Hund's 
method where these are in agreement with experiment ; further, 
cases which were found to be exceptions in the older work are 
found to fall into line in the newer theory. It is suggested that 
Hund's rule that terms of large S and L lie deepest has no 
general theoretical significance. 
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The method of obtaining ground terms by Hund's rules is 
important in the present connection, since the ground state 
configurations of atoms tend to be alike in a given sub-group 
of the Periodic Classification. The way in which the con- 
figurations are assigned is discussed in Vol. i : Chapter IV, 
with special reference to inner building in the transitional and 
rare earth elements. The whole Table is considered from this 
point of view in the following Section 65. It has thus become 
possible to correlate the chemical and spectroscopic evidence in 
a very exact and beautiful manner. 

(C) Numbers of Magnetic Levels in Multiple! States. 

The methods available for correlating energy terms without an 
external magnetic field, in a weak field, and in a strong field, arc 
outlined in Section 63 above. Apart from levels coinciding, the 
number of levels in weak and strong fields is the same. This 
may now be proved as part of a general theorem. 

Taking strong fields first, the number of possible levels is 
equal to the number of possible combinations of Mj*s with 
M,s's, which will be given by { 2 S -f i)[ 2 L + i) for given S 
and L. 

In weak fields, the number of levels for given J is equal to 
the quantum weight of a given term, or 2/ + i- In a multiplet 
term where J takes the values L — S, L — S x. . . L S 
{ 2 S -f I terms), the number of magnetic levels for given n, L 
and 5 is 

(27+1) = 2 {L-S) + Z + 2(/.-.S + l) + I +. . . 2{A+5)+I 

(aS-fi terms) 

2(L— 5)+i -t-2(T— S)+3 -f. . . to 25+1 terms. 

The sum given by the formula for an arithmetical progression is 
1(25 + i) {4(Z. — 5) + 2 + 2(25) } = (25+i)(2/. + i),as for 
strong fields found above. Similarly, when J ^ S — L, 
5 — L + I. . . 5 + L { 2 L + I terms), the Us and 5's in the 
above argument are interclianged, again leading to the sum 
{ 2 L + i)( 25 + l). 

As an example, consider the triplet D states. Here 5 - i, 
L -- 2, so that the number of levels in strong fields is (25 + i) 
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{zL + i) - 3x5^ 15. In weak fields, the quantum weights 
2/ + I of the terms and arc 3, 5, 7 respectively, 

giving the total 3 + 5 + 7 == 15, as before. 

This simple rule often affords a valuable check on schemes 
such as those given on page 586 and elsewhere. Consider the 
scheme at the foot of page 595 for the configuration The 
terms obtained were ^ 5 , W, and for which the 

corresponding values of (25 + i)(2Z, + i) are i, 5, 9, 9 and 21 
respectively (total 45). Comparison with the provided scheme 
will show that this is the number of entries in the 
columns and similarly for other like schemes. 

The weak field quantum numbers I, j, m must not be used 
for strong fields, for which n, /, W/, are suitable. Since the 
coupling between the various angular momentum vectors in 
atoms liaving more than one valency electron is more com- 
pletely broken down in strong fields, it is impossible to apply 
the weak field quantum numbers to individual electrons : 
hence the strong field numbers are used in this discussion of the 
application of Pauli's principle to the interpretation of spectra. 

The evident regularities in the properties of atoms revealed in 
the Periodic Classification suggest some underlying cor- 
respondence in atomic structure. This is also sliown, less 
obviously but not less clearly, in atomic spectra. Physical and 
cliemical lines of attack have assisted each other in elucidating 
structures of atoms to account for their empirical behaviour. 
It seems that a considerable measure of finality may l)e 
attached to the conclusions which liave been reached. 
Attention is next directed to these results. 


65. Atom Building in the Periodic Table 

The problem of assignment of the most appropriate place to 
hydrogen in the Periodic System, whether with the alkali 
metals or the halogens, has occupied the attention of chemists 
since the inception of the classification of the elements in 
valency groups.^® Chemically, hydrogen shows closer resem- 
blance to the alkali metals of Group I than to the halogens of 
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Group VII, whilst in physical behaviour it tends to resemble 
members of Group VII rather than those* of Group I. vSolid 
HCl, above gS^K., has a cubic lattice of Cl atoms, the cube edge 
being 5*54 A.U. This high lattice distance, about equal to tluit 
of NaCl (5*63 A.U.), suggests a homopolar structure in which 
the units are HCl molecules. This agrees with HCl having a 
smaller heat of sublimation than NaCl. However, the relative 
lightness and smallness of the hydrogen atom render com- 
parisons with the physical properties of other elements of little 
value from the standpoint of classification. 

The hydrogen atom shows closer resemblance in structure to 
the alkali metals than to the halogens. The alkali metal atoms 
contain one or more complete electron groups, and a single 
valency electron ; the halogen atoms, on the other hand, have 
one or more closed groups of electrons and an outer shell of 
seven electrons. The unique position of hydrogen in the 
Periodic Table may be associated with the fact that, like an 
alkali metal, by losing an electron it yields a stable structure 
(H ' proton), and, like a halogen atom, by gaining an electron 
it attains a stable system (H~ = He type). It has, therefore, 
analogies with the members of both the first and sevcntli 
groups. The hydrogen atom can also partake in a covalent 
linkage by contributing one electron to a shared pair, thus 
assisting in building up a helium-like grouping in a different 
way. A transition between these two types of hydride linkage 
occurs in the series from LiH containing H" to HF containing 
H^ (see further page 641). 

Reference may be made in the following discussion to the form 
of the Periodic Table presented in Figure CXXIII, as well as to 
that in Vol. i. Table XIII. The electron distribution 
schemes of Tables XIV, XV and XVI of Vol. i may also be 
noted. The further notes in the Appendix to Part III 
(Section 8) of this book bear on topics relevant to the present 
discussion. 

Hydrogen {Z = i) in its normal state must be assigned one 
electron for which n == 1 , 1 = o. The ground state is therefore 

IS 

Helium {Z — 2). Two electrons of t5^e is complete the 
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first quantum group in helium, special stability being 
associated with this ground state The quantum numbers 

of the electrons of parhelium and orthoheliiim are given in 
Section 64C. 

The second electron of orthohelium has a higher quantum level 
and lower ionization potential than the first, suggesting that 
excited helium might exhibit univalency. The possible forma- 
tion of helium compounds is discussed in Vol. i : i. 

Lithium [Z =3), following the completed helium configuration, 
has two IS electrons and one 2s electron, in accordance with the 
ground term Here the quantum formulation will be 



n 

1 

1 

nil j nig 


ist electron 

I 

0 

0 

■\-i 

Atomic values 

2ntl electron 

I 

0 

0 

1 . 

L 

5 

j 

3rd electron 

2 

0 

0 

H i 

0 

.1 

1 

a 


Beryllium {Z 4) has a spark spectrum (Bell) similar to the 
spectrum of lithium (Lil). It appears reasonable to assign to 
this atom two is and two 2S electrons, giving the formulation 
of the ground state : — 



n 

1 

nil 

mg 


ist electron 

I 

0 

0 

i-i 

Atomic values 

2nd electron 

Hi 

0 

0 

-i 

L 

5 

J 

3rd electron 


0 

0 


0 

0 

0 

4th electron 

2 

0 j 

0 

-i 




This corresponds to the completion of the level for which / 0 

and n = 2, the ground term being 

Boron [Z = 5) gives a P term as the ground state, and the 
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structure may be represented by is^ 2 s^ 2 p. The outermost 
electron has therefore / - i, so that may assume the values 
I, o or --I. The atomic quantum numbers are L i, S -=■ 1, 
J ~=^ the ground term being of a doublet system [R 

25 + I - 2). , 

Carbon (Z 6) has a spark spectruHi (CII) resembling the 
spectrum of BI, the lowest term being a 2 p term. The structure 
in the ground state is represented by is^ 2 s'^ 2 p^y corresponding 
to the ground term ®P,„ with L ~ i, 5 — i, 7 -- o [R ^ - 3). 
The four valency electrons are thus divided into two groups of 
two each, one complete (5-^) and the other incomplete {p^). 

The complete allotment of electrons to the 2 p group is 6 ; the 
elements following carbon, Nitrogen {Z —7), Oxygen [Z ~ 8), 
Fluorine {Z == 9) and Neon (Z = 10), may be considered to 
complete this group by successive addition of electrons. The 
electron allotment of neon in the ground state will then be 
represented by i$^ 2 sHp^y the ground term being as with 
helium. 

Sodium {Z =- 11) has the ground term ^5^, corresponding to 
a lowest 35 level. The structure assigned is is'^ 2 s^ 2 p^^Sy 
agreeing with the univalency and doublet multiplicity of terms 
of the element. The configuration resembles that of lithium in 
having a completed inert gas group of electrons together with a 
single valency electron in an outermost quantum level. 

At Magnesium {Z 12), the 3s level is completed, whilst from 
Aluminium (Z ~ 13) to Argon (Z = 18) the ^p level receives 
its allotment of six electrons, as in the series from boron to neon 
of the earlier period. 

Potassium (Z 19) has the ground energy level 4s, and the 
electron added in passing from argon to potassium occupies a 
higher level according to principal quantum number, as in the 
transition from neon to sodium. This happens before the n = 3 
level is complete, since ten electrons are still required to fill the 
group. 

Calcium (Z ^ 20) is assigned a second 4s electron, giving the 
electron allotment is^2s^2p^^s^^p^4s^y the ^d level still remaining 
empty. In the case of Scandium (Z = 21), the energy in a 3^ 
level is lower than that in a ^p level, in accordance with evidence 
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previously adduced (Vol. i : 9 and tliis Vol. : 57E). With 
Titanium {Z ^ 22), a further electron is added to the 3d level, 
the process being continued as far as Nickel (Z — 28), assigned 
eight 3<f electrons and two 4s electrons (see Figure CXXIII). 
If tlie following element Copper {Z 29) js assigned one 4s 
electron, corresponding to its univalency and position in the 
periodic scheme, then the group is here completed with its 
full ten electrons. Zinc {Z 30) is then provided with an 
additional 4s electron, completing this group. In this way, the 
spectroscopic re.seinblance between copper and the alkali 
metals and between zinc and the alkaline earth metals is 
accounted for. Completion of tlic 4/> level then occurs between 
(iallinm {Z - 31) and Krypton (Z ^yb), with the outer comple- 
ment of electrons 45^4/)*. 

hollowing the procedure adopted previously in passing on 
from an inert gas, the next two added electrons are in 5,s- orbits, 
leaving the ^ and 4/ levels empty, and giving Rubidium 
{Z 37) and Strontium (Z 38). The next group from 
Yttrium {Z - 39) to Palladium {Z 46) is concerned in the 
completion of the 4<f level, the number of electrons in the $s 
level being reduced from 2 to i between Zirconium (Z ---- -- 40) 
and Colnmbium {Niobium) {Z -- 41), and from i to o on reaching 
palladium, which has thus the comjdeted outermost grouping 
in the « 4 level of 4,s*4/)*4rf'®, corresponding to the ground 

term (sec Vol. i : Table XV). The 4/ level remains at this 
stage empty. 

From Silver {Z 47) to Xenon {Z = 54), it is consistent 
with the chemical valencies and with the spectra of the elements 
concerned to suppose that the 5s level becomes filled at 
Cadmium {Z — 48) and the $p level at xenon, similar to the 
building in the n ~ 4 levels between copper and krypton. The 
4/ level still remains unoccupied. 

With Ccssitm {Z = 55) and Barium {Z = 56), the 6s level is 
completed with two electrons. The ground term of Lanthanum 

— 57) is hence a single electron here enters the 
group, after which from Cerium {Z = 58) to Lutecium {Z = 71), 
the 4/ level receives its complement of 14 electrons, 3delding the 
group of rare earths. The ground term of lutecium is therefore 
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Wly like that of lanthanum. From Hafnium (Z = 72) to 
Platinum (Z ^ 78), the 5^/ group is being supplied with electrons, 
the suggested groupings between lanthanum and platinum 
being shown in Vol. i : Table XVI. Until recently, some 
doubt existed in the cases of the last four elements of this 
group, rhenium, osnfium, iridium and phatinum as to which is 
definitely the lowest energy term. It appears that here several 
terms differ but little in energy values. The assignments now 
made arc as follows (compare Table CIV) : — 
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From Gold {Z-^yg) to Radon (Z ----- 86), the 6^' and 6^ groups 
are gradually filled with the full complement of eight electrons. 
A claim for the discovery of the element for which Z ^ 87 
(Mendelj^eff's '' Ekacaesium "') has been recently made (Vol. i : 
i). It is naturally assigned the ground term ^ 5 ^ as a member 
of the group of alkali metals, corresponding to one 7s electron, 
the 7s group of two electrons being completed with Radium 
{Z = 88). The claims of discovery of elements Nos. 85 and 87 
have not, however, been so far accepted. Actinium {Z = 89) 
has the ground term Wji like that of lanthanum, hence here'one 
6d electron is bound. For the three remaining elements. 
Thorium {Z 90), Protoactinium [Z = 91), Uranium [Z = 92), 
alternative ground levels differing little in energy values make 
their appearance. According to one set of terms, the building 
follows the plan of the three elements following lanthanum ; 
according to the other, the plan of the three elements following 
lutecium in atomic number. This is shown in the following 
scheme, where the completed quantum levels from m = i to 
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n 4 containing 2, 8, 18, 32 electrons respectively are 
omitted : — 
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The electronic classification of the elements based on tlie 
spectroscopic ground terms follows the assigned groupings 
derived from chemical evidence, as shown in Figure CXXIII of 
this volume. Since the behaviour of an atom in molecular 
structure is very considerably influenced by the '' penultimate '' 
(next to the ultimate '' valency group) electrons, classification 
is made on this basis. The closed antepenultimate groups are 
also included. It is found that the number and nature of these 
groups of electrons determine, in various ways, the periods and 
groups of the older table (see text in connection with Figure 
CXXIII). 

Since the behaviour of an atom in molecular structure is very 
considerably influenced by the penultimate (next to the 
outermost) level of electrons, the atoms are classified according 
to allotments of penultimate and outermost electrons. The 
principal quantum groups are separated by commas, as in Mn : 

(05,)^ and in Ta : s^p\ s^pH^^ 

52^6^3, 52 (47/,), jiiQ method of use of this table is 
explained in the accompanying text. 

Examination of Figure CXXIII shows that the elements 
of Groups I and II are not divided spectroscopically into 
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two sets in respect of ground terms. The difference between 
the properties of the alkali metals and of Cu, Ag and An 
may be associated with the penultimate layer of i8 electrons, 
so that the ions formed are not of the inert gas type. Hydrogen 
takes its place in Group I, and Helium in Group II. As pre- 
viously noticed, Hydrogen has also some chemical relationship 
to the halogen group of elements (as evidenced, for example, by 
the formation of H in LiH), and helium bears even closer 
relation to the other inert gases in the zero group which have 
tlic same ground term as helium, The remaining groujxs 

are divided into further sub-groups from the point of view of 
ground states, the elements falling together being also closely 
related from the chemical standpoint (sec Table LV). The 
subdivision of certain groups into three parts is also noteworthy. 
Thus, for example, in Group VI, (Cr, Mo) and (W, U) form 
separate pairs. 

Tlic probable spectral ground terms of the 14 rare earths iire 
given in Table LIX on the following page. Tlie elements 
fall into the third group, with valency 3. The building 
occurs between Lanthamim {Z 57) and Luteciiwi (Z - 71) by 
addition of electrons to the 4/ level. The majority of authors 
appear to lean towards an outermost distribution of electrons 
5^/, 6 s-, which is provisionally adopted here. The distribution, 
however, might be 5^^, 6 s, in which case tlie spectrosco])ic 
ground terms would be different. Hund has worked these out 
for the two possible cases. Consideration of the terms for tlie 
case d, s'^ shows that the spin vector S increases by half-units 
from I to 4 between Cerium {Z - 58) and Gadolinium {Z 64), 
and falls off again to value i at Ytterbium {Z 70). Tlie A 
and vS vectors are oppositely directed as far as gadolinium, and 
are in the same direction afterwards (reversed ground terms). 
The terms show .symmetry about the centre of the electron 
group, as indicated in Table LIX, such symmetry having been 
found earlier in and d^^ groups (Figure CVII). 

The influence of central symmetry in completed groups, and 
departures tlierefrom, on valency has been di.scus.sed by 
Clark.i® 
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Table LIX.— GROUND TERMS OF THE ItARE EARTH GROUP. 

Structure assigned : 5-, s-p^, s^p^d^^p, s*p^d,'^-. 

In the fourth quantum group, the number of / electrons is denoted hy z, 
where ir=atomic number 57. 
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66. Valency and the Periodic Groups 

riic distinction existing between polar and homopolar 
valency is discussed in Vol. i : ii, 12 . Polar valency is 
accounted for qualitatively by the removal of one or more 
electrons from metallic atoms, and quantitatively by the 
energies of removal, measured by ionization potentials/' The 
following sclieme shows the approximate relative energies of 
removal of successive electrons for the first nine elements, in 
terms of that for the liydrogen electron taken as unity : — 
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The figures show that the energy of removal of the first electron 
of lithium is considerably less than that of the second electron, 
giving positive univalency. Similar considerations apply to 
the valencies of beryllium and boron. Carbon shows general 
quadrivalency, with some tendency towards bi valency (in CO) 
and tervalency (in C(CeH5)3). Nitrogen shows the principal 
valencies 5 and —3, the latter owing to " electron affinity,*' and 
tendency to build up completed groups of zero moment by 
addition of electrons. Alkyl compounds of the type N(CgH5)2 
are also formed, as well as the molecule containing an odd 
number of electrons, NOg. Nitrogen shows no tendency to be 
univalent, in spite of the ease of removal of an outer/) electron. 
Unipositive nitrogen is probably not present in NgO. Oxygen 
and fluorine give negative valencies in virtue of their electron 
affinities. The odd molecules NO and CIO2 are anomalous, as 
well as the alkyl compounds of carbon and nitrogen. Noyes 
and Beckmann^® reach the general conclusion that the energies 
of removal of successive electrons seem to play only a secondary 
j)art in determining the valencies which exist. The explanation 
in terms of ionization potentials is useful, however, in accounting 
for the principal valencies, and the more anomalous cases may 
be left for separate treatment and discussion. 

According to the view of London,^^ homopolar valencies arc 
exerted by electrons having unneutralized spins. The pairing 
of electrons occurs in such a way that their spins neutralize one 
another, yielding a homopolar, or covalent linkage. This is a 
union between atoms rather than between ions, and is a per- 
fectly distinct phenomenon, although a continuous gradation 
between polar and homopolar exists. The homopolar bond is 
treated most effectively by the methods of the quantum 
mechanics. 

Grimm and Sommerfeld^® have made important suggestions 
concerning the relation between the completion of electron 
groups in atoms and their valencies, which are used in the 
following discussion. Lessheim and SamueP^ have considered 
the question from the point of view of possible distributions of 
electrons in an atom amongst the inner levels corresponding 
to a given azimuthal quantum number. Thus the ten 
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electrons of a completed d group, for which I 2, may be 
divided into groups of four and six, corresponding to inner 
quantum numbers j = and :1 respectively. This method of 
approach cannot, however, be regarded as very promising, 
since the inner quantum number can only apply, from a physical 
standpoint, to the resultant of the /'s and* s*s of individual 
electrons, and it appears without much meaning to assign a 
weak field ^-value to a given electron in an incomplete group 
containing more than one electron. 

The problem of covalency in co-ordination compounds was 
treated from the standpoint of Hohr electron levels by 
vSidgwick.2"* It is suggested that a co-ordination number of 
G units may be interpreted in terms of 2G shared electrons. 
The periodic group to which an atom belongs is not here the 
determining factor, and co-ordination numbers are decided 
rather by the chemical period than by the chemical group. The 
co-ordination valencies are not further treated here. 

The relation existing between valencies and electronic con- 
figurations of elements leads to the following definition 

I'he absolute valency of an atom is numerically equal to the 
number of electrons used in forming attachments with other 
atoms.'' 'fhe numbers representing polar and homopolar 
valencies may coincide. 

A brief outline of the periodic groups in the light of the fore- 
going considerations follows. A more purely chemical treat- 
ment is attempted elsewhere (Vol. 4). 

(A) The Inert Gases. The outer structure is common 
to the inert gases (except in the case of helium). This repre- 
sents a particularly stable grouping of electrons, associated with 
zero mechanical and magnetic moment, which the ions of 
neighbouring atoms tend to adopt. It was noted in the earlier 
discussion (Section 65) that excited helium (orthohelium) might 
be expected in certain circumstances to show uni valency. Kr, 
X and Kn have penultimate groups of 18 electrons. 

(B) Hydrogen and Group I. The characteristic feature is 
an 5 electron outside a completed configuration. Hydrogen 
forms H' and H“, the latter by receiving an electron and 
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building up an outer group of two electrons. It has also a 
marked tendency to form uni-covalent linkages, as in hydrogen 
chloride in absence of water. The linkage in HF is partly 

polar. 2 627 

The alkali metals have an outermost s electron, with a 
penultimate group (except lithium). • Loss of the s electron 
leads to the formation of a positive ion having a structure like 
that of the preceding inert gas. Homopolar univalent com- 
pounds such as NaCgHg tend to be unstable. 

The noble metals, copper, silver and gold, are each assigned 
an outermost s electron with an underlying penultimate group 
s^p^d^^ (i8 electrons). The positive univalency is associated 
with the removal of an s electron j only with silver, however, is 
the resultant ion really stable. It is to be noted that silver 
follows palladium in the series of atomic numbers, where 
palladium has the ground term giving zero resultant 
moment and a closed configuration of electrons. The ground 
terms of nickel and platinum being and respectively, 
tlie resultant moment is not zero (/ - 4, 3) and the configura- 
tions may be regarded as less stable than that of palladium. 
It is certainly striking that copper and gold, which follow nickel 
and platinum respectively, show higher positive valencies than 
I, copper being bivalent and gold bivalent and tervalent. This 
indicates that the underlying group of 18 electrons is more 
easily broken into with copper and gold than with silver.^ 6*23 
In copper, one electron of this group can be ionized or shared, 
in .silver none, and in gold two electrons can be shared but not 
easily ionized : there appears to be no adequate evidence of 
the existence of Au^ • ' . Thus the auric compounds tend to 
l)e covalent rather than ionizable. The ion Cu ^ ' , on the other 
hand, is particularly stable, when in combination with the 
stronger acids. The tendency of copper and gold to exhibit 
higher positive valencies than the maximum proper to their 
periodic group is a somewhat exceptional feature. Bivalent 
silver occurs only in co-ordination complexes. The reason for 
the unique behaviour of silver is not perfectly clear, although 
it has been linked with the spectroscopic evidence in the way 
outlined. 
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(C) The Alkaline Earths and Zinc Group. The alkaline 
earth ions with double charge are obtained by removal of 
leaving an outer group of (except with beryllium), and are 
particularly stable. Fused BeClg is much less ionized than the 
other chlorides of the series (Vol. i : Table XXXIII). 

I'he ions of the zmc group have an outer' shell s^pH^^y which 
in view of the double charge cannot be broken into by further 
ionization, and are uniformly bivalent. The apparent 
exception Hg' is accounted for as (Hg ; Hg) ' ' , where two 
mercury atoms have each lost an electron, and have formed a 
covalent link with each other. The atoms of Groups I and II 
whicli have penultimate groups of i8 electrons have smaller 
atomic volumes than corresponding atoms with penultimate 
groups of eight, and this is related to their general tendency to 
form covalent linkages in preference to becoming ionized. The 
two outermost electrons tend to form an '' inert pair,'' which 
in the elements following in atomic number Tl, Pb and Bi, 
attach themselves more or less rigidly to the underlying group 
of i8, forming a stable group of 20 electrons. 

Tlie spectra of metals of this group have been discussed by 
Salud’. 

(D) The Boron Group. The outermost group of electrons 
in B, Al, Ga, In, Tl is s^p, with an underlying group s^p^ in 
B, Al and s-pH^^ in the remaining cases. In view of the ease 
of removal of the p electron, it is striking that boron is never 
univalent, and the ion A1+ is unknown. The normal valencies 
are B Al j, Ga 2, 3, In i, 2, 3, and Tl i, 3. Univalency 
appears at In, although InCl is unstable ; the thallous salts 
are stable, and yield the ion Tl' (which may be partly 
(Tl : Tl) ' ' , as with Hg ' ). Here the stability of the inert pair 
(outermost s^) is noteworthy. The bivalent compounds GaClg 
and InCla are remarkable from the structural standpoint, but 
they prove to be unstable. GaClg and InClg, where the 18 
group is exposed, are stable. InClg is an example of a molecule 
having an odd number of electrons, an exceptional state of affairs. 

The hydrides of boron are homopolar and volatile, the 
structures sometimes apparently requiring one-electron links, 
as in the much-discussed compound BaHg. With increase in 
atomic size in the series, the tendency towards ion formation 
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increases. The tervalent chlorides become gradually more 
polar from BCI3 to InClg (Vol. i : Table XXXIII). 

The remaining elements of the group, Sc, Y, J.a, Ac are 
assigned the outermost structure where the d, group 

is responsible for the normal valency of three. In I.a, the 
antepenultimate /group lacks 14 electrons fOr completion. The 
progressive filling of this group gives tlie rare earths, as 
previously noted. Wlien one electron is added, the cerium 
atom is obtained. Cerium can be ter- or quadrivalent, sug- 
gesting that this electron can be fairly readily removed, as in 
('eOg and Ce(N03)4. Two electrons in the antepenultimate 
group give praseodymium, of which quadrivalent compounds 
are known, which are less stable than the corresponding com- 
pounds of cerium, but even ceric compounds arc easily reduced 
to cerous compounds. With further increase in nuclear charge, 
the electrons of this inner level are more firmly bound, and 
cannot function in valency. The characteristic valency of the 
rare earths is therefore three. The configurations of rare earth 
ions, so far as they appear definitely ascertained, are given in a 
scheme in Section 62E. 

(E) The Carbon Group. The electronic structures of the 
elements of Group IVB, as indicated by the spectroscopic 
evidence, have the outer group the valencies being : 

G 2, 3, 4, Si 4, Ge 2, 4, Sn 2, 4, Pb 2, 4. The leading feature 
appears to be the gradual stabilizing of the group. Even 
with carbon, the molecules CO and C(OC2H5)2“ are stable, the 
latter being only slowly oxidized by permanganate and 
unaffected by bromine. The existence of SiO is not proved, 
but from Ge to Pb an increasing tendency towards bivalency is 
manifest. Tervalent carbon, as in €(68115)3, tends towards 
instability. 

Some discussion has centred round the valency of C in CO, 
which is an isostere ” of Ng (equal numbers of extranuclear 
electrons). In order to reconcile the spectroscopic and crystal 
evidence, it is necessary to assume that the bond in CO is 
double, in agreement with the views of Les.sheim and Samuel. 2® 
Evidence derived from the Raman effect,'® however, suggested 
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that the link in CO is triple, whilst Hammick, New, Sidgwick 
and Sutton^® considered that the third link might be semi-polar 
in character, and the formulation (' O was adopted. The 
theory of neutralized spins gives a double bond, whilst that of 
bonding and anti-bonding electrons gives a triple bond. 
C lark^*’^*-^ has carefully considered this question, and has 
reached the conclusion, based on his group classification for 
molecules, and the same allotted electron configurations to NN 
and CO, that the link is triple, in the sense that six electrons 
are mainly concerned in linking the atoms together. However, 
one pair of these six electrons arise from one atom (oxygen), so 
tliat the link is slightly polar, in conformity witli an observed 
small dipole moment. As soon as the three links are formed, 
there is a redistribution of energy, resulting in a six-electron 
shared group analogous to that in NN. From another point of 
view, however, the linkage behaves as if equivalent in strength 
to two of the links in i\N, with added binding force, less than that 
associated with either link, due to polarity. The molecule CC) 
may therefore appear to have a double or triple bond depending 
on the point of view, and this is especially true, since the added 
polarity is small, ft seems preferable to say that in CO there 
is a triple linkage as in NN, with smaller binding force per link 
as compared with the corresponding link in NN. Evidence 
derived from bond constants and mean restoring forces cal- 
culated by means of a pendulum ” formula gives weight to 
this viewA''^ 

The outermost group s^ is present in Ti, Zr, Hf, Tli, 

all of which can be quadrivalent, Ti and Zr being bi- and 
tervalent as well. Tervalent titanium, however, tends to pass 
into the quadrivalent state. Ce and Pr when quadrivalent 
appear to fall between Zr and Th in this group. 

(F) The Nitrogen Group. The fifth group falls into three 
divisions in respect of ground terms. Valencies of 3 and 5 are 
exhibited in the series from N to Bi, where the outermost group 
is s'^p^. The tendency towards tervalency becomes specially 
marked in Bi, where the group forms an inert pair. It is 
reported, however, that ozone oxidizes Bi to BigOg, and the 
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element is pentavalent in certain organic derivatives. Tlie 
group is rich in anomalous cases. N appears bivalent in NO 
and in alkyl derivatives of the type NRg, and quadrivalent in 
NOg and N(CeH5)20. P .seems to be quadrivalent in HgPOg 
(O ; P(0H)2). Solid hydrides of the type AsgHo are reported 
for As, Sb, Bi.*® * 

Widely varying valencies occur in the transitional elements of 
the group ; V 2, 3, 4, 5, Cb 3, 4, 5, Ta 2, 3, 5. Here the outer 
group is d^, except with Cb, where it is d\ s. Thus although 
V and Ta .show bivalency, Cb does not, in agreement with tlie 
above a.s.signment.'® The lower valencies tend to be more 
stable in the case of the first member of the group. 

(G) The Oxygen Group. The members of the sixth periodic 
group fall into three cla.sses in respect of ground states. In the 
series from O to Te, having the ground outermost configuration 
monatomic anions of the type O first make tlieir 
appearance. The valencies normal to the group are : () 2, 4, 
S 2, 4, 6, Se 2, 4, 6, Te 4, 6. The .s* group tends to become inert 
in tellurium, so that the ion Te ' ' ‘ ' is comparable with Sn ' ■ 

in stability. S shows a mucli higher tendency than O to become 
more than bivalent, forming SOg and SO3 ; Se gives SeCl*, 
whilst Te is most stable when quadrivalent, as in Te(N03).. 
and Te(S04)2, but also forms telluric acid, Te(OH)g. Quadri- 
valency is exhibited by O and S in the oxonium and sulphonium 
compounds of the types ( (CH3)20H)C1 and ( (CH3)3S)C1 ; the 
first-named shows methyl ether hydrochloride as an oxonium 
salt. S has co valency 6 in SFg, sulphur hexafluoride, an 
extremely stable colourless gas. Denbigh and Whytlaw 
Gray^^ have isolated disulphur decafluoride SgFjg, or (SFg)^. 

Of the remaining elements of maximum valency six, the 
structure d^, s is assigned to the outermost groups of electrons 
in Cr, Mo and d*, s* to W, U (in the last-named, an alternative 
grouping is possible). The valency relations of these elements 
are complex, as follows (the valencies tending to form doubtful 
or less stable compounds are shown in brackets) : Cr 2, 3, 6, 
Mo 2, 3, (4), 5, 6, W (2), (3), (4), 5, 6, U (2), (3), 4, 6. U forms 
the ion U' ' and the stable complex (O : U : 0 )+ The 
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stabilities of the lower valencies decrease as the atomic numbers 
increase, as found in previous cases. Certain relations have 
been found between the observed valencies and the electronic 
structures of the ground states in this group. That Mo 
resembles W rather more closely than it does Cr, although its 
ground state configuration is different from 'that of W, has been 
explained. The structures account for the absence of 
n(*gatively-cliarged ions. 

(H) The Fluorine Group. The elements to be considered 
from the valency standpoint are F, Cl, Br, I ; Mn. The lialo- 
gens are assigned tlie outermost structure which readily 
passes over to with the formation of the inert gas arrange- 
ment in a singly-charged negative ion. The valencies are : 
F —I, I, Cl —I, I, 3, 5, 7, Br — i, i, 3, 5 , 1 — i, i, 3, 5, 7. The 
positive valencies, which are homopolar, may be accounted for 
i)y formation of groups s^p^, and 0 for i, 3, 5, 7 

respectively. Fluorine probably never has a greater valency 
than I, a fact which has been interpreted on the spin theory of 
valency (Vol. i : 12B). On the other hand, fluorine appears 
to give FO®® as well as FgO®®. It has great power in drawing 
out the highest valencies of other elements, for example, in 
making hydrogen appear to be bivalent in the ion (FHF) , and 
in compounds of the type SF®. The group is rich in complex 
cases, as in the formation of KI3, KICI4, CsIClg, CIF3, ICI3, 
BrFg, BrFg, BrOF3, IF5, IF7 and ClOg. These compounds 
merit special treatment, and cannot be suitably discussed in the 
present connection. 

Manganese, with the outermost structure rf®, shows the 
valencies 2, 3, 4, 6, 7, the first two being concerned in the 
formation of ions Mn^^ and Mn’’ Valency 4 is apparently 
present in MnOg ; 6 in the manganates, as K2Mn04 ; 7 in the 
permanganates, as KMn04, which is isomorphous with KCIO4. 
If the structure changes to d^s in forming Mn^’’ and to d^s^ 
in forming Mn’’"’”’^, the stability of ions of lower valencies seems 
associated with the tenure of d electrons. When this group is 
seriously depleted, the atom can only exert covalent functions. 
(For further remarks, see 
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(J) The Triad Groups. The first triad periodic group is Fc, 
Ru, Os, where Fe and Os have the outermost level and Ru 
that of d'^.s. The observed valencies are : Fe 2, 3, (), Ru 2, 4, 

7, Os 3, 4, 6, 8, the predominating valencies being under- 
lined. The higher valencies tend to become more stable with 
increasing atomic number. There is no hiarked tendency for 
valency 5 to manifest itself. Fe(CO)5 occurs as a liquid. 

The second group contains Co, Rh and Ir, with ground states 
for Co and Ir, and d^, s for Rh, the valencies being : Co 2, 3, 
Rh 3, 4, Ir 3, 4, 6. The characteristic feature is the stability of 
the tervalent state. 

The third group, containing Ni, Pd and Pt, shows an outer 
most configuration d^,s^ for Ni, tlie closed configuration d^^ for 
Pd, and d^, s for Pt, the valencies being : Ni i, 2, 4, Pd 2, 3, 4, 
Pt 2, 3, 4, 6. All are stable in the bivalent state ; it is doubtful 
whether tervalent nickel exists. Ni and Pt, when bivalent, 
show resemblances with the alkaline earth group. Ni, Pd, Co, 
Fc and Mn may exhibit univalency in complex compounds. 


67. Concluding Survey 

Modern inorganic chemistry reveals a wealth of discovery, 
much of which awaits interpretation from the newer stand- 
points. The measure of success which has crowned efforts on 
these lines up to the present appears to justify tlie belief that 
the key is in our hands. There seems to be no doubt that 
further careful study of excited as well as ground states, 
ionization potentials, heats of activation, dissociation and 
reaction and many other physical properties must be taken into 
account. The results on band spectra discussed in Vol. 3 arc 
also important in this connection. Progress is somewhat slow 
on account of the difficulty of attributing to each of the possible 
factors its appropriate weight. An individual author is 
generally apt to regard liis own point of view as capable of 
explaining all the results of experiment, and a wider outlook is 
necessary. The present work has accumulated together in one 
place many of the facts which should be taken into account, 
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references being supplied where treatment is not given in full. 
The interpretation of inorganic chemistry offers one of tlie most 
fertile fields of theoretical research in modern science. 

Morgan^’ has supplied a useful survey of inorganic chemistry, 
embracing many new facts and including treatment of the 
complex co-ordination compounds. It is tempting in con- 
nection with such a review to compare the data on the ground 
states of atoms and ions (Table LV) and the table of ionization 
potentials given by Sherman^i with new results recorded by 
Morgan, with a view to their further elucidation. An attempt 
on these lines has been made by Clark^** in the case of the varied 
valencies exhibited by the transitional elements (see further 
Vol. I : Chapter IV). 

Finally, it may be useful to trace the history of development 
of the relationship between atomic and molecular periodicity and 
corresponding electronic structures, a correlation which may be 
destined to have important consequences. First, McLennan, 
McLay and Smith^® and Dushman^^ set out the electronic 
configurations of atoms from atomic number i to 92 in order of 
increasing nuclear charge. This method of representation 
separated members of the same chemical group such as sodium 
and potassium, and might be described as a classification 
according to periods only. Clark^* therefore devised a classi- 
fication in which the atoms of the Periodic fable were classified 
into groups as well as periods (see Vol. i : I'able XIII), accord- 
ing to electron configurations. F^urther, (irimm^®’^® arranged 
molecules in a Periodic (Tassification by writing the elements 
in order of atomic number in two directions at right angles, 
compounds containing two kinds of atoms being considered at 
the intersections of two lines running to their component 
elements in the diagram. The compartments of the Table were 
shaded or coloured by means of a reference scheme at the foot 
to show the properties of the compounds concerned. As this 
method seemed to suffer from the same difficulty as the earlier 
schemes for atoms, in that, for example, NaCl was separated 
from KCl, so that the classification took account of molecular 
periods but not of groups, Clark®^ devised a further scheme 
whereby each diatomic molecule (for which the term di-atom 
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has been suggested^®) was placed in its appropriate period and 
group. The discussion of this scheme will be taken up in 
Vol. 3 on band spectra. At the moment, it seems only 
necessary to say that a number of rules have been discovered, 
which not infrequently enable predictions to be made of the 
properties of compounds thus far not investigated experi- 
mentally. The proposed classification throws some light on 
problems of valency and bonding strength, and may open up a 
rather wide field, not only by systematizing existing knowledge, 
but also in suggesting lines which future researches may usefully 
follow. Many indications appear to show that the study of 
di-atoms, especially those of the type of radicals of sliort life 
occurring in the discharge tube, may prove useful in clearing up 
outstanding problems of valency, chemical combination, and 
the mechanism of reaction. 

The researches described in Volume II cover a wide range, 
being distributed over the fields of X-rays, electricity and optics, 
and show the great advances of modern times. It is hoped that 
the task of correlation between dilferent branches may be hereby 
facilitated. It becomes possible, for example, to compare 
spectroscopic results on given substances or groups of com- 
pounds with corresponding work on crystal structure and dij)ole 
moments. It seems difficult to say which inspires the 
imagination more, whether the difficulty of many of tlie 
experiments, or the simplicity of the corresponding fundamental 
theories. The pioneer investigations of Ramsay, Travers, 
Whytlaw Gray and collaborators on the inert gases, and the 
work of Catalan on the manganese spectrum, to name only two 
researches in different fields, provide examples to the point. 
When the important part that spectra have })layed in sub- 
sequent developments is considered, it seems strikingly appro- 
priate that helium should have been first discovered in the solar 
spectrum. The inert gases fitted in perfectly well at the 

turning-points '' of the Periodic Table, and enabled many 
interesting deductions to be made concerning the inert gas-like 
ions of neighbouring atoms in the scheme. The rarity of the 
inert gases and their difficult isolation causes their immense 
theoretical significance to stand out in bold relief. The 
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investigation of spectra eventually led to the interpretation, by 
Bohr, Sommerfeld, Lande, Pauli and Hund, of the periodicity 
of the elements in terms of electron configurations. It is true 
that the new quantum mechanics of de Broglie, Schrodinger, 
Heisenberg and Dirac offers insuperable difficulties to the non- 
mathematician. On the other hand, the results may be 
accepted by those unable to follow the methods of derivation. 
Moreover, it appears that they are not infrequently capable of 
expression, in regard to their influence on scientific thought, in 
relatively simple language or by pictorial representations. 
Further discussion is po.stponed to Volume III. 

The developments noted in this work would appear to include 
many permanent acquisitions in the domain of atomic struc- 
ture, whilst a large proportion of the researches may be 
justly reckoned among the peaks of scientific enterprise. 
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SOME SPECTROSCOPIC RELATIONSHIPS 


(i) One Electron in a Circular Orbit. 

Let an electron bearinf^ charge ~e move in a circular orbit of 
radius r with uniform velocity v under an inverse square law of 
force round a nucleus carrying charge ~{-Ze ; then the potential 
energy of the system is given (as in Appendix to Part II (i) ) by 


J-=~ 


Ze^ 


r 


(i) 


Neglecting the influence of nuclear mass, let the mass of the 
electron be so that the kinetic energy of the electron is given 

T = Imy (ii) 

The condition of equality between centrifugal and attractive 
forces gives m^v^jr = Ze^jr^, whence 




Ze^ 

ni^r 


(iii) 


1'he Bohr quantizing condition then gives the angular momentum 
p by the relation 

p ~ nigVr ^ (iv) 


where n is the principal quantum number of the orbit concerned. 
ICliminating x) between (iii) and (iv), it follows that 

^ 47rVm^ 

It may be noted that this relation may also be obtained, even more 
simply, on the de Broglie theory from (iii) and the equations 

A -- - and 27rr “ wA, eliminating v and A. Now the energy of 
m^v 

an atomic level is given hy E T + /, which, using (i), (ii) and 
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(iii), is equal to Ze^jzr — Ze^jr, so that E — —Zc^l'zr. This gives 
the wave number of a level F by 

p _ —E Ze^ ___ 27r^e*mg Z^ . 

he 2Yhc hH ' 

Applying the wave; number difference condition iii^ - F—Fi, 


hH 


e. - - „“■ ) 


(vii) 


which is a formula of the required Balmer type. Inserting the 
vedues 77 = 3*1416, = 4*770 x 10 " = 8*96 x r = 

2*999x10^® in the expression R = 27T^ehnJhh, it is found that 
jR = 1*093 X 10^, which is in substantial agreement with the 
empirical value derived from measurement of lines in hydrogen 
(Z = 1) of R = 1*097x10®, to the accuracy of four-figure 
logarithms, referred to the gram, centimetre, and electrostatic 
unit of charge. The exact value of R for hydrogen is 
109677*759 cm."^. 


(2) One Electron in an Elliptic Orbit. 


Let an electron bearing charge —e move in an elliptic orbit with 
velocity v under an inverse square law of force round a nucleus 
carrying charge -\-Ze, the polar co-ordinates of the electron being 
r, 6. Then the potential energy J is given as with the circular 
orbit by (i). The kinetic energy T may be determined in terms of 
the velocity of the electron along and at right angles to the radius 
vector, which, by the mechanics of a point moving under a force 

(iy 

directed towards a fixed point, are given respectively by r 

cl t 


and ro) = ro ~ r 


(id 
' dt' 


where co is angular velocity, and t represents 


time. The angular momentum pi = so that 


T == ( P\ +r^ \ 

\ / 


(viii) 


The values of ijr^ and P may be evaluated from the polar equation 
to an ellipse i/a' = (i+ccos^)//, where the semi-latus rectum 
I = so that the equation may be written 


V = c2 (i+«cos^) 
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where c is the eccentricity of the elliptic path and 

. ^ Pi 




and /X is given by 


vicii Ze^ 


(xl 

(xi) 


lL(juatioiis (ix), (x) and (xi) then give 

I Ze^ Ze^m^ , . ,,, , 

-^ 2 r\ (x+ECos(^ (xii; 

from which ijr^ is obtained. To get r, differentiate (xii), wlience 

I ^ Ze^nig d{L~{-€Cosd) dO Zchn^ 

de * dt " p^^ 




2 ( -esin^)aj 


Ze which gives 




r €sm0 

Pi 


(xiii) 


The energy in an orbit is given by K — 7'+ J, or, using (i) and 
(viii), 


E - 


+^‘) 

\ / r 


so tliat, by (xii) and (xiii), 

E ■ - hn, (i+ecosey + I 

' Pi* Pi^ I 

Zehn, 


Z'h'^ni 

2Pi 


ZeK" (i + ecos 0 ) 

Pi 

(i+-ccosO+€‘^cos‘X 0 -t-e‘'siu^ 0 — 2 - 26CosO), which gives 


E 


Zh*m. 

~2Pi 


, • (I— 


(xiv) 


This yields for the wave-number of a level F — —Ejlic 


F 


ZH^nig 

2p^hc 




(XV) 


which is independent of the position of the electron in its path, 
since r,B are eliminated, and p^ is constant. 
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Quantum relations according to the Wilson-Sommerfeld con- 
dition \p.dq — nh are next applied to the two degrees of freedom 
represented by the angular and radial momenta respectively. In 
the case of the angular co-ordinate d this becomes for one 
revolution j^'^p^dO ~ kh, where k is the azimuthal quantum 

number, so that PilOyj' ^ kh, w’hencc 

/>i (xvia) 

27T 

Similarly, the radial momentum p^ ^ so that 

yp^dr n^h (xvib) 

where ^^^ is the radial quantum number, and the integral is taken 

over one complete revolution. Thus we have \mjr.dr — 

« dy . . dt 

where r is given by (xiii) and may be obtained by 

differentiating (xii), according to which r 

Ze^fUe 

dy h ^ 

whence ~ — — [ — (i + €Cos^) €sin^^) l, so that 

du 

(xvii) 

dd Ze^m^ (i+€Cos^)‘^ 

dy 

Now using (xiii) and (xvii), substituting r and - - in the relation 

du 

n^h — I ^ m Jr, dd, it is found that 

7 ^ c^sin^^ . .... 



This may be integrated by parts," with a substitution 
t = /? — ^tan-^, whence, inserting the limits, it is found that 

V 2 

n^fi = 27r/)i^-=^ - i) (xix) 

Since 2'iTpi = kh, by (xvia), and putting the principal quantum 
number n = n^-\-k, it is easily found that 

== = m2(i-€ 2) (xx) 
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whence, combining with (xv), 


zp^hc ’ h^ii^ 


fiH * 


(xxi) 


which is the same as (vi) obtained for circular orbits (compare 
equation (12) of chapter XVI). By the geometry of the ellipse, 
^2 _ a2(i~€^), and I — b^la, whence using (xx) and giving k the 
values w, n — i, n— 2 . . . i, various simple relationships between a 
(semi-major axis), b (semi-minor axis) and I (semi-latus rectum) arc 
derived, such that b/a ^ k/n, and l/a — k^jn^. By (xxi), the 
energy in an orbit W -■ Flic depends only on n. Further, accord- 
ing to classical mechanics, W Ze^l 2 a, so that orbits of a given 
atom having the same major axes have the same energy. Com- 
bining these relations, it is easily found that a depends upon 
b upon nk, and I upon in exactly similar ways. Putting 
K = h^l 47 T^c^m,. 


K l b = K.~ ; I 


A^ 


Z 


which results arc of the same type as the radius of a circular orbit, 
shown in (v). 


(j) Proof that the Radius Vector sweeps through Equal 
Areas in Equal Times. 

h'or motion under a force directed towards a fixed centre, the 
acceleration perpendicular to the radius vector is given by classical 
mechanics as /g ^ zVe + re * 0, or 2 rre + ^ o. Differen- 

tiating with respect to t, we find that this reduces to the 
expression on the left-hand side of the equation, hence 

a constant, 
ett 

and \rHd is proportional to dt. Hence the radius vector describes 
equal areas in equal times. 

(4) The Correspondence Principle. 

The frequency of revolution in an orbit N is given by co/27r or 
zlviTty where a> is the angular velocity. From equations (iii) and 
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(iv), it is found that v = whence using tlic value of r 

given by (v). 



2RcZ^ 


- ' a- ^ 

\ ch? / 




, whence R 


Nn^ 

2C 


I 


For liydrogen, Z — i, so that R = Nn^l'zc. A wave number is 
given by or by 

^ R(n+ni)(n-ni). 


When and n are very large compared with the difference n -n^, 


w 


2Rn{n—n-^ 


, , 2 /^ / .N 

tl u 


(xxii) 


using the relation R = Nn^/zc, The frequency v is given by av, 
therefore 

V = N{n— 111) (xxiii) 

Therefore when the ratio {n—ni)ln is small, the frequency of 
emitted radiation equals an integral multiple of the orbital 
frequency, for, from one orbit to the next in succession, n ^— m — i, 
hence 

V ^ N (xxiv) 

which is the condition for the classical theory, according to which 
the frequency of radiation for a singly-periodic orbit (involving 
motion in a closed orbit which repeats itself with frequency N) is 
an integral multiple of the fundamental frequency, so that 

V == TO) (xxv) 

where r is a whole number called the harmonic component. Thus 
correspondence exists between equation (xxiii) of quantum theory 
and equation (xxv) of the classical theory. Since the frequency 
can (in the limiting case) be deduced correctly according to the 
classical theory, it has been assumed that the whole of the pro- 
perties of the radiation {e.g,, polarizations and intensities) are 
given in the limit for large values of n. Further consideration of 
the principle is given in Section 56 of the text, where it is shown 
that from it certain selection rules may be deduced. 
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(5) Expression of Energy Values in Different Ways. (See 
References of Chapter XV.) 

(a) Mechanical Equivalent of Heat, By experiment, i calorie ^ 

4-19X10’^ ergs ^ 4*19 joules. Defining the Calorie as 1,000 

calories, i Calorie = 4*19 x 10^® ergs, whence i erg = 1/(4 -19 x 10^®) 

: 2*388 X io”^i Calories. This number is here -called k Calories. 

[b) Rules for Transforming Units. The units of quantity and 
E.M.F. arc related in such a way that the following schemes show 
how numbers may be converted from one unit to another : — 


Units of Quantity ! Multiplication 

i 

Factors for converting Numbers 

Absolute Electromagnetic 
(E.M.) 

M 

Ql^o 

S/c 

Coulomb 

loM 

Q 

loSlc 

Electrostatic (E.S.) 

cM 

Qc/io 

S 

Units of E.M.F. 




Absolute Electromagnetic 
(E.M.) 

M 

108 F 

cS 

Volt 

A//io« 

V 


Electrostatic (E.S.) 

MIc 

F/300 

S 


(c ' velocity of light — 3X 10^® cms. p)er sec.) 


As an example of the use of the above, i Faraday = electronic 
charge x Avogadro Number = eN ~ 96,500 coulombs 
()(),500 X 3 X ioi®/io r 2*90 X 10^^ E.S. units. 

Other constants here used are : — electronic charge e — 
4*770X10"^® E.S. units; Planck's constant ^=6*547 X lO"^^ erg 
secs.; Avogadro Number AT = 6*064 x lo^® ; electronic mass 
nig = 9*035 X 10"®® gr. ; Rydberg constant R for hydrogen = 
109,678 cm.'h 

(c) Ionization Potential of Hydrogen. A few approximate 
calculations are now made. According to the Bohr theory, the 
kinetic energy of an electron in an orbit, by equations (ii), (iii), 
(v) and (vii), is T RchZ^ln^, or, for hydrogen, where Z=i, w=i, 
T = Rch — 109,768 X3Xio^®x 6’55X 10"®’ = 2*15 xio"^^ ergs. 
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Next, E.S. potential is defined by the work done on unit charge in 
bringing it up from an infinite distance, and is ergsje in E.S. units, 
or, by the above rules, ergs x 300/^ in volts. The energy 7t 
needed to expel an electron from an orbit equals its kinetic energy, 
so the ionization potential of hydrogen is 2*i5Xio“’^*x 
300/(477 XiO"i®) ^ 2*15x10*^^x6*29x10^^ V 13*57 volts. 
If V is the velocity of an electron moving fast enough to ionize a 
hydrogen atom, Ve - so that v V^Velm^,. The 

electronic charge in E.M. units is 4*77 x lo**^ 7(3 ^ ^ 

1*59x10 whence tlie ratio is 1*77x10'^ E.M. units per 
gram. Hence v — '\/2 X 13*5 X io®Xi77 X 10^ ~ 2*19x10® cins. 
per sec. This is also the velocity of the electron of a liydrogen 
atom in the K orbit. The electron might be expelled also by a 
light-quantum of wave-number given by in; — Vel^oohc — 8*09 X 
io®F ; whence, putting V -- 13*5 volts, ----- 1*09x10^ cm.^S 
which is equal to R. The ionizing frequency v = cw = cR - 
3*3x10^® per second. The corresponding wave-length is A - 
xo^/w — 914 A.U. The energy may also be expressed in Calories 
(kilogram-calories) per gram-equivalent of hydrogen ; this is 
U = kVeNl^^oo = 23*oF, or 23*0x13-5 =- 311 for the ground 
state. The six quantities V, E, v, U, w and A are all interrelated, 
and one being known the other five may be found. The following 
table gives the necessary factors applicable in the above and kin- 
dred cases, calculated to the accuracy given by four-figure 
logarithms. (Sec equations (7) of chapter XV.) 

Figure CXIII is constructed so that corresponding values of 
various constants may be found directly, by placing one edge of a 
(preferably transparent) set-.sqiiare on either of the reference lines 
placed at the top and foot of the scale. The order of symbols is 
that considered most likely to be convenient, so that scales which 
may be more frequently used in conjunction are placed as close as 
possible together. The accuracy of reading is about that of an 
ordinary slide rule, in the neighbourhood of ±0*5 per cent., whilst 
that using interconversion factors is about ±o*i per cent. 

In using the scale, the number to be converted must first be 
expressed with one only before the decimal place, using the 
appropriate power of 10: thus, 156x10*^ would be written 
1*56x10”, 9*75 as 975x10®, and 0*000563 as 5*63x10"'*. The 
converted number will then be expressed in the same way. 
Powers of 10 (7, 0, and —4 in the above instances) of a number 
to be converted to another scale are shown as functions of a 
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quantity x over ranges denoted by the dotted lines running over 
the scales. It is not generally necessary to evaluate x, and greater 
speed can generally be attained without doing so. As an example, 
supposing it is desired to convert A 0*1238 to the V scale, the 
number is first written 1*238 xio~^, which comes in the range 
denoted by .whilst the value of V, read from the scale as 

about 1*155, is in a range marked Ar+Sfi- Evidently an increase 
in the power of 10 from 27 to 36, that is 9 units, must be allowed 
for, giving the new power as —1+9=8, so the value V— 1*155 X 
electron volts is reached (value by calculation : 1*154x10^, as in 
the first example in Section 4). This method is of general 
applicability in making conversions between any pair of 
magnitudes. 

It may be noted that since the square of electron velocity 
appears in the energy equations (7) of chapter XV, it becomes 
necessary to use two lines of scale, the upper line corresponding 
to odd values of x, and the lower line to even or zero values of x. 
I'liis should be observed in choosing the right velocity scale when 
making conversions from other scales into the v scale. The x 
functions here take the form \{x-\~n), so it may be more convenient 
to note the actual values of x in these cases. 

Further, the A scale of wave-length represents an inverse 
function of energy, so that the scale runs in the direction opposite 
to that of the other scales, and the functions of x are of the form 
— [x-\-n). In making conversions involving this scale, therefore, 
the principle explained above may be used, without necessarily 
considering the actual value of x, but remembering that in making 
the change and after the change is made, a reversal of sign must 
be observed, as in the following example. Suppose it is desired to 
find the temperature T corresponding to energy of maximum 
density of wave-length A = 3,750 = 3*75 x 10® A.U., in the region 
marked —(^+33). The temperature scale reading is about 7*70, 
and this is in the range ^^£^+39 ; hence —(x+^z) ~ so that x ~ 
—36. The new exponent is therefore given by — 36-139 = 3, 
giving T = 7*70x10® (compare 7*690x10® degrees absolute, 
obtained by calculation from equation (8) of chapter XV). This 
slightly complicating factor may therefore be allowed for without 
serious difficulty. 

Before the advent of the quantum theory, it might have 
seemed futile to connect together spectroscopic numbers with 
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energetic magnitudes ; still more, perhaps, before the general 
theory of relativity, might the interconversion of mass and energy 
have seemed without significance. Actually, the equations ~ hv 
and E — are now found of vital importance in general 
physical and astrophysical work. Further, by a combination of 
both theories, masses and spectroscopic numbers may sometimes 
be usefully brought into relation. It therefore seems pertinent to 
enquire whether other magnitudes, such as gas energies and 
spectroscopic numbers, here assembled together, perhaps for the 
first time, may not be found capable of being related by experi- 
ment. At least, there seems to exist no limitation upon the 
arithmetical relation of any pair of quantities given in the set of 
equations (7) in this Vol. : 50, in so far as these relations are 
applicable. The scale presented may therefore perhaps prove 
itself useful, not only in present researches, but also in types of 
ex])eriment as yet unrealized. 



r'ldURK CXIV. — Addition ok Two Vectors A Jtnd B. 


(6) Vector Addition in Atomic Spectra (LS coupling). 

The sum or resultant of two vectors represented in direction and 
magnitude by A and B is represented in direction and magnitude 
by C in Figure CXIV. A vector is taken positively along the 
measured direction. The magnitude of C is given by 

~ 2AB.cos(AB) (xxvi) 

where (AB) is the angle between A and B. When, for example, 
L* and S* are added to give J* in the new quantum mechanics, 
the relation is 

J(J+i) - L(L+i)+S(S+i)- (xxvii) 
In atomic spectra. A, B and C are limited to whole numbers 
o, 1,2... or half-valued numbers I, li, 2J. . . A few cases will 
be taken separately. 

(A) A AND B WHOLE NUMBERS, (a) C a whole number. Con- 
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sider the example A=i, B==i : then there are only throe ways of 
combining these two vectorially, (i) along the same line in opposite 
directions, (ii) in an equilateral triangle, (iii) along the same line 
in the same direction. No other solutions are possible (Figure 



I'louRE CXV. — Addition of Vectors A=i and B=i to give Integral 

Resultants C. 

CXV). The resultants are -o, 0.^ -2, being given bv 

A-B, A~B+i and A— B-fi A+B respectively. There arc 
2A+I solutions. 

(b) C half-valued. (This case does not actually arise in LS 
coupling, because it does not include the possibility of the vectors 
A and B lying along the same direction, but it is taken here for 



•Figure CXVI. — Addition of Vectors A=i and B= i to give Half-valued 

Resultants C. 

completeness.) Again let A=i, B=i, then the only possible 
half-valued numbers for C are (Figure CXVI). The values 
are given by A— B+i RRd A+B—J. There are 2 A solutions. 
(B) A and B both half-valued, (a) C a whole number. Let 
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K ~ 2 \, B~i|, then possible values of C are i, 2, 3, 4. There are 
2B+1 solutions, given by A— B, A— B+i, A--B+2, A— B+3 ^ 
A+B respectively (Figure CXVII). 



Figure CXVII. — Addition of Vectors A—i! B to give Integral 

]?ESULTANTS C. 


(])) C HALF- VALUED. (Docs not arise in LS coupling.) Again 
lot A 2l, then possible values of C are li, zl, 3.J (Figure 

CXVIII). Tlicre arc 2B values, given respectively by A~B+i, 
A-B+i.i, A~-B+2j - A+B~?,. 



Figure CXVIII. — Addition of Vectors A=:] and to give Half- 

valued Resultants C. 

(C) A HALF-VALUED, B A WHOLE NUMBER. (a) C a wholc 
number. (Does not arise in LS coupling.) Let A==il, B=-i, 
then there are 2B resultants 2, given by A— B-f J and 

A+B “1 respectively (Figure CXIX). 

(b) C half-valued, ('onsider A— ij, B~ i, then the only 
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possible lialf-valiied numbers for C are i, li, 2.1 (Figure CXX). 
There are 2B-fi solutions, given by A — B, A—B+i and 
A— B+2 = A+ B respectively. Similar considerations arise wIumi 
A is a whole number and B is half-valued. 



I'lGURE CXIX. — Addition of Vectors and B~i to give Integral 

Resultants C. 

(D) Summary. The results may be summarized as in the 
following scheme, where (i), (J) repre.sent whole numbers and half- 
valued numbers respectively. Only the first four cases actually 
arise in 11, ss and LS coupling to give L, S and J respectively. 


i 

I 

i 

No.j A B C 

Condition 

— 

No. 

Resultants 

Values of Resultants 

* 

2 

3 

4 

(*) (i) (0 

(1) (1) ( 1 ) 

a:>b 

■^B-l I 

A-B, A -B 1 1 . . . 

. . . A IB 

(i) (I) (i) 
(t) (i) (4) 

_ 

A>B 

5 

6 

(4) (4) (4) 
(i) (I) (4) 

a::>b 

2B 

1 

A-B l 4. A-B-l 14 . . . 

. . . A+B-4 

7 

8 

(4) (0 (I) 
( 1 ) (4) (I) 

1 

A>B 


The general construction follows from the above. It is con- 
venient, when A and B arc unequal, to take A:^*B. 1'hc case 
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A=4, B— 3 is considered in Figure CXXI. A line XY is set oft 
equal to A ; with centre Y and radius equal to B a semicircle is 



I'lGURE CXX. — Addition of Vectors A=:2 and B = i to give Half- 
valued Resultants C. 

drawn. With centre X and radius all possible values of C, a 
number of arcs are drawn to intersect or touch the semicircle. 



Figure CXXI. — Addition of Vectors A =4 and B==3 to give integral 

Resultants C. 

The intersections are then joined to X and Y. The case shown is 
for integral values of 0 . (The half-valued arcs would lie half-way 
between those shown.) 

(7) Application to Doublet Sequences of Terms. In 
accordance with the theory of rotating bodies,, the angular momen- 

636 



APPENDIX TO PART III 


turn vector acts along a direction parallel to the axis' of revolution. 
An electron in a Bohr orbit has its orbital angular momentum 
vector L along the direction at right angles to the orbital plane ; 
a spinning electron has its spin angular momentum vector S along 
a direction parallel to the axis of spin. These two vectors may 
be inclined to each, other at different angles, thus giving rise to 
different resultants J, and providing the required multiplicity of 
terms. The direction of the vector is governed by the sense of 
rotation, according to the “ screw rule. A counter-clockwise 
rotation in the horizontal plane of the paper has an angular 
momentum vector at right angles to the plane and directed 
vertically upwards ; conversely, the vector of clockwise rotation 
is directed vertically downwards. 

In the case of doublet terms, we are concerned with an atomic 
core and one series electron. The core contributes nothing to the 
angular momentum of the system (apart from nuclear spin, leading 
to “ hyperfine ** structure of lines, here disregarded), so that only 
the possible L's and S's of the electron need be taken into account. 
According to the earlier classical model, values of J are L f- S and 
L — S, so that both L and S are normal to the orbital plane, with 
two possible senses of rotation of spin for the electron. If the 
orbital plane is that of the paper, L is along the normal to the 
plane, with S parallel to L, but either in the same or opposite 
direction to L. It becomes easy to sec why ordinary addition 
gives the same result as vector addition on this model. 

The new quantum mechanics gives a different model. Here the 
orbital angular momentum vector L* normal to the orbital plane 
is given by L* — VL(L+i) ; similarly, the spin angular momen- 
tum vector is represented by S* ~ \/S(S-l-i). Then L* and S* 
combine vectorially to give J* ^ VJ(J+i), so that in the doublet 
terms, the spin vector is not parallel to the orbital vector, as in 
the earlier classical model. For example, for P terms, L i, 
S 2, J — 2 01 ' whence L* — 1-414, S* = 0-866, and J* 
0-866 or 1*937. If we construct the two corresponding vector 
triangles, it is found by measurement or calculation (using 
equation (xxvi)) that the angles between L* and S* are 35° 18' and 
114° 6' (Figure CXXII). For a given term, these angles are fixed, 
but the theory requires that these two vectors precess round the 
direction of their resultant ; this is a consequence of the magnetic 
field set up by the orbital motion of the electron in the electric 
field of the atomic nucleus. In the case of the doublet system of 
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hydrogen, this leads to part of the term separation within a doublet 
(see equation (3) of Section 60 of the text). The above vector 
addition rules may be similarly applied to triplet, quartet . . . 
sequences of terms (this vol. : 61). 


(8) An Electrodic Perionic Table. Figure CXXIII shows a 
periodic classification of the atoms of elements recently published 
(Clark, Proc. Leeds Lit. Phil. Soc., 1937, 281-292), in which an 



Figukk CXXII. — Quantttm->Mechanical Interpretation of Origin of 
Doublet P-Terms. 


attempt is made to bring the older table into line with results on 
the electron configurations of ground states of atoms, in terms of 
s, p, d and / extranuclear electrons, as deduced from the study of 
spectra. The general arrangement is that of Table XIII of Vol. i, 
in a simplified form. A comma is used to denote an increase in 
principal quantum number of one unit. The extranuclear electrons 
(shown in the shaded parts of Figure CXXIII) arc divided into 
antepemdtimate A, penultimate B, and ultimate C groups. The A 
group is shown by a small suffix number after the atomic symbol, 
as Na^, Zr^ etc., the suffix referring to the corresponding closed 
groups shown at the foot of the Figure. To this must be added 
the B group shown at the left, and the C group shown at the top 
of the diagram, attention being paid to commas. Thus Na^ has 
A ~ s® and B — , p^ and C = , s ; so that the configuration 
ABC is s^,s^p^,Sy the number of electrons of a given kind being 
shown by the raised numbers, the total being 2 -|- 2 + 6 + i == ii, 
the atomic number of Na. Similar treatment gives electron. 

638 



APPENDIX TO PART III 



639 


Figure CXXIII. — Ax Electronic Periodic Table. 





THE FINE STRUCTURE OF MATTER 


configurations in other cases, the rare earths being omitted. 
These are given separately in this vol. : Table LIX. 

In order to interpret the chemical facts, it is essential to 
distinguish between closed and unclosed groups of electrons. In 
accordance with Pauli's principle, as explained in the text of this 
book, the maximum possible number of electrons for a given 
principle quantum number is 2,6,10,14 for s,p,dj elec- 
trons respectively. The closed configuration for principal 
quantum number n = i is s^; for n = 2, ; for n = 3, s^pH^^ ; 

for n 4, ; giving the required totals, 2,8,18,32 for 

n -- 1, 2,3,4 respectively. These allotments correspond perfectly 
well to the requirements of the periodic classification (this Vol.: 64). 

The total number of electrons in the C group defines the Mendel- 
jeeff Periodic Group ; the nature of these electrons defines the 
sub-Group from Groups III to VII, where the A sub-Groups have 
5 and d electrons, and the B sub-Groups s and p electrons in the 
C group. In Groups I and II, the sub-Groups are defined by the 
nature of the B groups. The A sub-Groups are observed to be 
subdivided in Groups V, VI, VII : thus Cb falls in a different 
column according to the C group from V and Ta in Group V. 
The nature of the non-bonding " combination AB decides the 
chemical Period. The periods having 18 electrons in the B group 
arc distinguished by bars above the symbols, as M,N, 0 . The 
letters used in designating periods are taken from the X-ray 
.spectra, except in the first short Period containing H and He, 
which is conveniently termed the H Period. 

The proposed classification of electrons into A, B and C types is 
found to illuminate many chemical problems, a brief account of 
which may be attempted here. 

The influence of the A group is found in the generally observed 
development of metallic characteristics in a Periodic Group with 
increasing atomic number. Thus, in the series of atoms from Na 
to ts, we may suppose that the shielding of the nuclear charge is 
greatest in the case of Cs, so that the electron can most easily 
escape : in other words, Cs is most metallic and forms a positive 
ion most easily. It should be pointed out, however, that sub- 
Groups IB and IIB show deviations : thus the metallic nature, as 
judged by the electrode potentials towards normal solutions, 
decreases in the two series Cu, Ag, Au and Zn, Cd, Hg, with 
increasing atomic number (see scheme on page 642). 

In the K Period from Li to B, the atoms are known to show 
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resemblance in properties with atoms of higher Period and next 
higher Group ; thus the following pairs tend to be alike : Li, Ca ; 
Be, A 1 ; B, Si. On the basis of Fajans' deformation theory of ions, 
Sidgwick has argued that the decrease in deforming power with 
increasing size from Li^ to Cs"^, with respect to an anion in contact, 
may be compensated by increase in deforming power with 
increasing charge from univalent to bivalent positive ions, and so 
on. Thus Li^ and Mg'^'^ may be about equally deforming, and 
hence similar in chemical properties. Actually, Li+ seems to 
resemble the later members of the alkaline earth group more than 
it does Mg^"^. If we calculate the field at the centre of a chlorine 
ion in contact with a cation by means of the function 
where v is the valency (number of positive charges) of the cation, 
r is its radius, and i*8i the radius of the chlorine ion, we obtain 
the following numbers ; Li^o*i6, Ba"^ 0*19; Be"^"^ 0-42, Al’’”^^' 
0*53 ; B++ 071, Si+*^++ 079. The nearness of the numbers 
within the pairs seems to support Sidgwick’s theory, although the 
effect of deformation on internuclear distance of anion and cation 
is not taken into account. The marked effect of the B electron 
group in determining chemical properties in the K Period is thus 
made clear. 

The B electron group must also be held responsible for the wide 
differences in chemical behaviour between the barred and the 
normal Periods in Groups I and II. Cu, Ag and Au, for example, 
have an underlying 18 B electron group and cannot form 

inert gas-like ions in the way of the alkali metals. The higher 
valencies than the normal univalency must be attributed to the 
18 B group being more easily broken into in ionization than the 
8 B group {s^p^). 

Hydrogen and helium, on the basis of electron configurations, 
are in Groups I and II respectively. There is no good spectroscopic 
reason, however, for placing H and Li in the same sub-Group as 
the alkali metals. According to the B groups, we should divide 
the A sub-Group of Group I into three parts, one containing H 
only, one Li only, and the other the atoms from Na to Cs, a similar 
sub-division being made in Group II. 

The development of non-metallic characteristics in the K Period 
from Li to F, for example, is well-known. So far as ionization is 
concerned, it is evident that the earlier members of a Period will 
more easily lose electrons to form the nearest stable group (inert 
gas-like or otherwise), and thus form metallic positive ions, whilst 
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the later members of a Period can more easily form negative ions 
by taking up electrons to form the next higher stable group, thus 
giving non-metallic atoms. These atoms, since they lack electrons 
to make up a stable group, will also readily share their electrons 
with other atoms of like kind, and thus give rise to homopolar, 
covalent linkages. A striking exception to the rule about develop- 
ment of non-metallic properties with increasing Group Number 
in a given Period is provided in Groups IB and IIB, where Zn is 
more metallic than Cu, Cd than Ag, and Hg than Au. 

The following scheme sliows increasing metallic character by 
the direction of the arrows — 

Ciroup 


I 'c ^ 

Ku - 

Os «- 

It is observed that tlie arrows are all reversed in the IB and IIB 
sub-Groups as compared with the corresponding A sub-Groiips. 
This is especially striking in the case of Cu and Zn, wliere Zn is much 
more metallic than Cu, the difference between Au and Hg being less. 
As the penultimate B shell of i8 electrons becomes increasingly 
stable and inert gas-like with increasing nuclear charge, it becomes 
covered by addition to the C valency group, so that the abnormali- 
ties tend to disappear, the directions of the arrows in the later 
groups (IVB and VB) becoming increasingly like those of the lA 
and IIA sub-Groups. 

Where atoms can exhibit more than one vedency, the higher 
valencies will, in general, tend to be more acidic. Thus PbOg is 
acidic, whilst PbO is basic, so that the two can combine in the salt- 
like oxide red lead Pb 304 2Pb0'Pb02). When Pb or Mn are 

bivalent, they tend to behave as members of .Group II. 

The differences in chemical behaviour between atoms of the 
same Group but different sub-Group are greatest near the ends of 
a given Period, and least towards the centre. Thus Na and Cu 
in Group I, and Cl and Mn in Group VII are widely different in 
general chemical behaviour. The difference is by no means so 
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clearl>’ marked in the centre of a Period, at Group IV. The wide 
divergence between the siib-Groups in Groups I and IT must be 
attributed, as previously noticed, to the different B groups. As 
these groups become increasingly overlaid with C electrons, the 
distinctive characteristics due to the B groups tend to disappear. 
On the other hand, new cause of difference appears at Group III, 
with the introduction of p or d electrons into the C group. This 
makes itself most felt in Group VII. When Mn exerts its maximum 
valency of 7, it most clearly resembles Cl : thus KCIO4 and 
KMn04 are isomorphous, and Mn207 and CI2O7 are gases. We 
shall expect the maximum valency of an atom to be more 
characteristic of its valency Group than any other, in cases where 
the removal (or sharing with another atom) of tlie entire C group 
exposes an underlying s^p^ inert gas-like group. 

Sidgwick has pointed out that whereas Cl can comi)lete an outer- 
most group of 8 electrons, either in forming the ion (1 " or in sliaring 
electrons to give HCl, Mn cannot do so, for the addition of an 
electron to Mn gives a non inert-gas-like structure resembling Fe. 
This seems capable of exprCvSsion rather more clearly from the 
present standpoint, according to which the BC grouj) of Mn 
{s^p^d^,s'^) cannot become complete by adding one electron, on 
account of the presence of d electrons, which require d^^ for com- 
pletion. Hence Mn cannot form a complete group like tlie 
s^p^,s^p^ of Cl“ For similar reasons, S gives S‘ and H2S, whilst 
Cr gives no Cr or HoCr. Further information will be found in 
the literature cited. 

Whilst many facts still await full explanation, it would appear 
tliat on the whole, the general requirements of atomic spectral 
theory accord very well with chemical properties as expressed in 
the Periodic Classification. 
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